ll  .. 


AD-A043  324 


SCIENCE  applications  INC  LA  JOLLA  CALIF  F/«  20/8 

UV  PHOTON  AND  ELECTRON  DEPOSITION  IN  THE  ATMOSPHERE. (U) 


I 


AU8  76  B F MYERS*  M R SCHOONOVER  DNA001-74-C-0149 

UNCLASSIFIED  SAI-76-696-LJ  DNA-4068F NL 

045^4 


O) 

CO 

CO 

< 


DNA  4068F 


UV  PHOTON  AND  ELECTRON 
DEPOSITION  IN  THE  ATMOSPHERE 


o 

Science  Applications,  Inc. 


P.O.  Box  2351 

La  Jolla,  California  92038 


2 August  1976 


Final  Report  for  Period  7 January  1974 — 30  June  1976 


CONTRACT  No.  DNA  001 -74-C-0149 


APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED. 


THIS  WORK  SPONSORED  BY  THE  DEFENSE  NUCLEAR  AGENCY 
UNDER  RDT&E  RMSS  CODE  B322074462  L24AAXYX96618  H2590D 


>- 

Q_ 

^Prepared  for 

. , Director 

LU 

J DEFENSE  NUCLEAR  AGENCY 
D lZ 

Washington,  D.  C.  20305 

a a 

X CD 


X 


Destroy  this  report  when  it  is  no  longer 

f- r\  tj  n t:>  r . 


UNCLASSIFIED 


security  Classification  of  this  page  (Wht>n  Puih  Fnterf.i 


REPORT  DOCUMENTATION  PAGE 


! KKAI)  INSTHI'CTIONS 

Ht.IOKK  fOMl'l.t- TINT,  KORV 


t REPORT  number  , 

DNA  4068F  . 


GOVT  ACCESSION  NO  I ? PFCiPlf  N’^’S  CATALOG  NuMHf.P 


4 T|TlE  and  Subtitle) 


UV  PHOTON  AND  ELECTRON  DEPOSITION  IN 
THE  ATMOSPHERE 


I 5 T-tPE  OF  RtPOI^T  A PFPlOD  COyFRFO 

Final  RepaYt  fop-f^iod 
7 Jan  74-^0  Jun  76 


7 AuTMORrt) 

Benjamin  F.  Myers 
Melvin  R.  Schoonover 

V PERFO^(^G  ORGANIZATION  NAME  AND  ADDRESS 

Science  Applications,  Inc. 

P.O.  Box  2351 

La  Jolla,  California  92038 


N r*HMtNO  0»*J  RtPORT  noMBER 

SAI-76-6%-LJ 

1 ^'^“roNT»»<‘T  ~N  mber  ,' 


I 


DNA  001-74-C-0149 


1 CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Director 

Defense  Nuclear  Agency 
Washington,  D.C.  20305 


T 10  program  F^EmEnt  PROjEC”  taj^ 

I AREA  4 A R»  UN''^  NUMBERS 

; NWET  Subtask 
i L24AAXYX966-18 

I U.  WF  PORT  OA  r h 

! 2 Aug«fit  1976 


M N MHF«  ,iF+*ACh» 

103 


14  monitoring  AGENCY  NAME  A A 0 D R E SSf » f </» //cfen f /rom  C.wIroMm^:  OUi  e ] IS  SECURi'^t  I'  ■ . .(  tht%  ret  on 

: UNCLASSIFIED 


I is«  Of  C L ASSlFiC  ATION  DCanGPADinG 
I SCHEDULE 


16  DISTRIBUTION  STATEMENT  'ot  fftis  Repml) 


Appro\'ed  for  public  release:  distribution  unlimited. 


I’  DISTRIBUTION  S''  atFmEN''  fol  'he  ah-.ira' t enferc*  f in  lllork  .'0,  it  dtllefen'  Ir  'n-  Her^ 


10  supplemen'^ary  notes 


This  work  sponsored  bv  the  Defense  Nuclear  Agency  under  RDT&E  RMSS 
Code  B322074462  L24AAXYX96618  H2590D. 


*9  Y E Y AORDS  ■'Con'mijF*  on  reverse  ^ide  if  ne  es-mr\  and  iden'tfv  bv  b/.'  I-  ntirrfr 


UV  Absorption  Disturbed  Atmospheres 

Electron  Absorption  Electron  Flux  Spectra 

Atmospheric  Species  and  Energy  Densities  Predissociation  of  N2 


A^^  R 


AC"'  'ntiruie  .in  reverse  side  it  1 


r.d  iJentifK  h\  b/.i,  (r  nurrb''* 


The  initial  species,  partitioning  of  energy,  electron  flux  spectra  and 
derived  quantities  resulting  from  UV  photon  and  electron  absorption  by 
atmospheric  species  are  calculated  for  the  altitude  range  60  to  500  km  and 
for  photon  and  electron  energies  between  10  and  300  eV  and  14  and  900  eV. 
respectively.  Cross-section  curves  for  electron  impact  excitation  of 
nitrogen  to  predissociating  states  are  derived. 


± 


DD  1473  fDiTiTNOF  ’ NOV  66  ! . ^BSOL  F Tf 


UNC  LASSIFIED 


SET.iPiTV  .‘UASSlP'  A'tON  -r  Tm  pa  ,F  !'m‘n  t "'e,, 


I 

L 


SUMMARY 


The  consequences  of  UV  photon  and  electron  deposition  in 
the  natural  and  disturbed  atmosphere  between  60  and  500  km  are 
calculated  in  terms  of  the  initial  species  formed,  the  partitioning  of 
energy,  electron  flux  spectra  and  other  derived  quantities.  The 
photon  energies  were  between  10  and  300  eV  and  the  initial  electron 
energies  between  14  and  900  eV. 

The  differential  electron  energy  slowing-down  spectrum  is 
calculated  by  a method  which  accounts  for  the  discrete  energy  loss. 

In  the  calculations,  rebance  is  placed  primarily  on  experimental 
measurements  as  a source  of  input  data. 

In  the  absorption  of  UV  photons,  the  initial  species  formed 
are  smooth  functions  of  the  photon  energy  for  energies  above  16  eV; 
the  total  number  of  electrons  formed  per  absorbed  photon  is  rela- 
tively .simply  described  as  a functionof  photon  energ>'.  Most  of  the 
photon  energy  is  required  for  dissociation  and  ionization  but  about 
10-20'  flows  into  electronic  excitation  while  about  4 - T flows  into 
vibrational  excitation  (at  altitudes  not  greater  than  145  km).  The 
energy  required  per  ion  pair  formed  after  photoabsorption  is  con- 
sistent with  tlie  I’cquired  energy  as  calculated  for  electron  deposition. 

In  the  disturbed  atmosphere,  represented  by  increases  in  background 

4 12 

electron  density  by  factors  up  to  10  (10  at  60  km),  positive  ion 
df'nsities  were  unaffected  for  photon  energies  less  then  34  eV. 

The  electron  deposition  calculations  represent  an  improve- 
ment on  previous  calculations  [MS-75]  by  use  of  more  accurate 


1 


cross-sections  for  excitation  of  molecular  nitrogen.  The  principal 
change  in  the  results  of  the  calculations  for  the  natural  atmosphere 
is  a reduction  in  the  predicted  nitrogen  atom  densities  by  40-  45x  in 
the  altitude  range  of  60  to  145  km. 

Data  on  the  electron  e.xcitation  of  molecular  nitrogen  to  pre- 
dissociating states  are  reviewed  and  cross-section  curves  are  derived 
for  these  states.  Use  of  these  curves  in  calculations  of  electron-N„ 
interactions  leads  to  a v^lue  of  the  energy  required  per  ion-pair 
formed  in  agreement  with  experimental  observations. 
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1.  INTRODUCTION 


Calculations  ?re  reported  for  the  species  and  energy 
densities  which  result  from  the  absorption  of  electrons  and 
photons  in  the  natural  and  disturbed  atmosphere.  These  calcula- 
tions are  performed  by  a method  [MS-75]  which  accounts  for  the 
discrete  ener^  loss  undergone  by  electrons  resulting  from  the 
initial  absorption  and  which  yields  the  initial  species  formed,  the 
partitioning  of  energy,  the  steady-state  electron  flux  as  well  as 
other  derived  quantities. 

The  calculations  apply  to  the  atmosphere  between  60  and 
500  Jon  altitude.  In  the  case  of  photon  absorption,  the  energy  of  the 
photons  lies  between  10  and  300  eV.  For  electron  absorption,  the 
incident  energy  of  the  electrons  lies  between  14  and  900  eV,  generally. 
The  calculations  of  electron  absorption  represent  an  improved  ver- 
sion of  previous  results  |MS-75|.  The  improvement  consists 
primarily  in  the  use  of  more  accurate  data  on  nitrogen  atom  forma- 
tion following  electron  impact  on  molecular  nitrogen. 

In  Section  2 of  this  report,  the  deposition  of  a selected  set 
of  UV  photons  is  discussed;  in  Section  3,  electron  deposition  calcula- 
tions are  considered;  in  Section  4,  the  data  on  electron  impact 
excitation  of  nitrogen  to  predissociating  slates  are  reviewed  and  a 
consistent  set  of  cross  sections  is  derived.  Only  a summary  of  the 
results  of  the  calculations  discussed  in  Sections  2 and  3 is  presented 
in  this  report;  detailed  results  are  available  on  microfiche  as 
considered  in  the  Appendix. 
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2.  UV  PHOTON  DEPOSITION 


The  species  and  ener^’  densities  which  result  from  absorp- 
tion in  the  earth's  atmosphere  of  a selected  set  of  UV  photons  are 
calculated.  The  calculations  are  performed  with  a code  designated 


ISRADU. 

2.1  METHOD  OF  CALCULAllON 

The  method  of  calculation  is  similar  to  the  method  pre- 
viously used  [MS-75]  for  calculating  electron  energy  degradation  in 
the  atmosphere.  In  this  method,  the  differential  electron  energy 
spectrum  for  the  electrons  which  are  formed  in  interactions  follow- 
ing absorption  is  calculated  by  a discrete  energy-loss  procedure. 
The  assumption  is  made  that  a steady  state  for  electrons,  sorted 
into  a set  of  energy  groups,  is  quickly  established  after  absorption. 
In  the  present  application,  the  further  simplifications  of  local 
energy  deposition  and  isotropic  electron  fluxes  are  made.  The 
densities  of  species  formed  and  of  energy  redistributed  in  the 
establishment  of  the  steady  state  for  electrons  are  calculated  with 
the  aid  of  the  differential  electron  energy  spectrum. 


2.1.1  High-Energy  Electrons 

The  total  set  of  electrons  existing  after  photon  absorption 
is  divided  into  a "high-energy,"  slowing-dcwn  subset  comprising 

3 

electrons  with  30  discrete  energies  between  1 and  10  eV  and  a 
"thermal"  subset  characterized  by  an  electron  temperature. 
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Electrons  in  the  high-energy  subset  only  lose  energy  in  each  inter- 
action process  and  are  placed  in  the  thermal  subset  when  their 
energy  becomes  less  than  1 eV.  Application  of  the  steady  state 
assumption  to  the  subset  of  high-energy  electrons  leads  to  the 
following  expression  for  the  density  of  electrons  in  energy  group  j, 


|e.(cm"^  bin"^)|  P./L. 

] ,11 


:i) 


where  the  production  rate,  P^,  and  loss  frequency,  L.,  are 


Pj  = + 5^<P(i)a{i,S)bp(i,j,S)[S] 

^ 1 


-E  E E [ejv  a (k,S)b  (k.,i.S)[Sl  (2) 

S k -j  a " 

Lj  = + V.  [l-iyj,j,S)|a^(j,S)[Sl  (3) 

S 


The  terms  on  the  right  hand  side  of  equation  (2)  refer,  respectively, 

to  the  rate  at  which  electrons  leave  group  1 and  enter  gri*jp  j 

as  a result  of  energy  loss  to  thermal  electrons  with  frequency  C.  , 

1 1 > 

and  to  the  rates  of  forming  electrons  in  group  j by  photoionization 
(subscript  p)  by  excitation  and  dissociation,  including  dissociative 
excitation  (subscript  cc=  xd)  and  by  ionization,  including  dissocia- 
tive ionization  (subscript  n = i).  Photoionization  occurs  by  absorp- 
tion of  group  i photons  with  flux  ip(i)  and  photoabsorption  cross- 
section  c(i,  S)  for  target  S to  yield  electrons  in  energy  group  j 
with  probability  b^^(i,j,S).  The  excitation,  dissociation  and  ioniza- 
tion of  target  S with  cross-section  a^(k,S)  occurs  by  impact  of 
group  k electrons  having  speed  Vj^  to  yield  electrons  in  energy' 
group  j with  probability  b^(k,j,S). 


I 
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The  structure  of  the  electron  enerfry  groups  and  the  method 
for  accurately  describing  discrete  energy  losses  have  been  previous- 
ly given  [MS-75] . 


2.  1.  2 Species  and  Energy  Densities 

As  a result  of  the  interactions  of  photons  and  photo- 
electrons with  the  ambient  atmospheric  species,  a loss  of  target 
species  S and  a gain  of  species  S'  occur  according  to 


ci[S| 

dt 


(i)o  (i,S)[S|  ^ XI  X lc.lv.c:^(j,S)lS| 

1 j^:l  Q ■'  •' 


(4) 


and 


= XX  <^(i)-(i.S)b(i,S,S')[Sj 
S i 


•X  X le:K--^Q  (j.«\(j-S.S’)[S| 

S j - 1 o;  ' 


(5) 


where  c(i,S)  is  the  photoal)Sorption  cross-section,  b(i,S,S')  is 
the  probability  that  product  S’  is  formed  by  target  S absorbing  a 
group-i  photon  and  b^(j,S,S'l  is  the  probability  that  product  S'  is 
formed  by  impact  of  an  electron  in  energ\-  group  j on  target  S in 
the  processes  of  excitation  (Q  = xd),  ionization  (ct  = i)  and  electron 
attachment  (a  = A). 


The  rate  of  increase  in  total  electron  density  is 

,S) 


= X E j X<*'’(i)^(i.Slb  (i,  j.S) 
s ,i  •'  1 ( 1 ‘ 


^ [e.h-.  [^,(j.S)-  c^(j.S)|j  [S| 


(6) 
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where  [e],  the  total  electron  density,  is  the  sum  of  the  thermal 
electron  density  and  the  high-enerpy  electmn  density,  i.  e.  , 

le]  = + E |e.|  (7) 

ja  1 J 

and  c:^(j,S)  is  the  cross  section  for  electron  attachment. 

The  energy-density  changes  are  monitored  for  seven  modes 
ionization,  dissociation,  electronic  excitation,  vibrational  excita- 
tion, radiation,  heavy-particle  translation  and  (molecular)  rotation, 
and  electron  translation.  The  heavy-particle  translational  and 
rotational  modes  are  assumed  to  be  in  equilibrium.  The  energy 
transfers  into  the  ionization  (1),  dissociation  (D),  and  electronic 
excitation  modes  are  calculated  from  algebraic  expressions 
such  as  s (dS’ / dt)  where  e rejiresents  either  the  ionization 
potential  of  S’,  the  dissociation  energy  per  atom  of  S’,  or  the 
excitation  energy  of  S’,  respectively,  and  dS’/dt  is  the  rate  of 
increase  in  S’  resulting  from  the  changes  being  distinguished. 
Changes  in  the  remaining  energy  modes  are  given  by  differential 
equations  such  as 

^ = EE  fj^(i,S)o(i,t)c(i,S)(Sl 

S i 


±E  E E 

S i • 1 a 


|e.]v.  e (j,  S) 
' I ' 1 Ma 


Q 


(i.s)fs] 


(8) 


_3 

where  M(eV  cm  ) denotes  electron  translation  (E),  heavy-particle 
translation  (K),  radiation  (R),  or  vibrational  excitation  (X  ).  and 

V 

the  negative  sign  is  used  only  for  M = E.  In  equation  (8), 
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(9a) 


€ 


M 


(i,S) 


^ e (i,S,S’)b(i,S,S')  (1 
S' 


‘Mx 


(j.s)  - E 


S' 


(9b) 


O ^ 


) , 


(9c) 


where  e^^(i,S,S'),  S,  S'),  and  ej^.(j,  S,  S')  are  determined  by 

examining  the  energy  transformations  in  each  physical  process. 
The  quantity  ^ is  the  Kronecker  delta.  For  M = R,  the 

V 

arguments  i and  j are  omitted. 


2.1.3  Thermal  Electrons 

The  thermal  subset  of  electrons  has  contributions  from 
energy-degraded,  high-energy  electrons.  The  rate  of  increase  in 
the  thermal  electron  density  is  given  by  equation  (2)  with  j under- 
stood to  represent  the  thermal  subset.  The  treatment  of  the  inter- 
action of  the  high-energy  and  thermal  subsets  of  electrons,  pre- 
viously developed  [MH-75a].  has  been  shown  to  be  accurate. 

2.  1,  4 Energy-  Transformations 

The  treatment  of  vibronic  excitation  and  radiative  decay 
resulting  from  electron  impact  are  as  previously  described  [MS- 75); 
for  photoabsorption  only  electronic  excitation  was  taken  into 
account. 
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2.1.5  Derived  Quantities 


Several  quantities,  derived  from  the  relations  developed 
above  and  previously  [MS-75],  are  of  interest  in  connection  with 
the  absorption  events.  The  quantities  previously  presented  [MS-75] 
include  the  particles  formed  per  ion  pair,  the  electron  volts  per 
ion  pair,  the  radiation  rate,  fluorescence  efficiency,  loss  functions 
and  the  electron  flux.  The  particles  formed  and  electron  volts  per 
ion  pair  and  the  fluorescence  efficiency  are  now  calculated  in  the 
following  manner  while  the  remainin”;  three  quantities  are  calculated 
as  before  [MS-75]: 


particles  formed  per  ion  pair. 


( d jS ’ ] / d t) 

E E 1 E'^O)  = (i.S)  b (i,j,S)  + [ejv  cr  (j,S)!  [S] 
S j 2 1 1 P .1  1 1 ' 


flO) 


electron  volts  per  ion  pair, 

F.  (i)  E E <P(i)  t^(i,S)[S] 

g P S i 

'P  EE  I E<P(i)- (i,S)b  (i,j,S)  + [ejv.(r(j,s)'[s] 

S j2  1 i P .11' 


where  Kp(i)  is  the  energy  of  the  absorbed  photon,  and 
fluorescence  efficiency, 


fRo,(S’)(d[S']/dt) 

^i) 

P 


(12) 
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In  addition,  the  number  of  particles  of  species  S’  per  absorbed 
photon  is  calculated  as  follows: 

particles  per  absorbed  photon. 

(S')  = (d[S'l/dt)/XlE  (^3) 

^ Si 

2.2  PROCESSES  AND  DATA 

Most  of  the  processes  and  data  used  in  the  ISRA.DU  code 
have  been  previously  described  [MS-75 );  below,  onlv  additions  and 
chane;es  are  considered.  An  updated  li.st  of  the  product  species  is 
^iven  in  Table  1.  In  calculating  the  rates  of  formation  for  these 
species,  cross-section  data  were  averaged  over  energy-group 
widths  [MS-751  and  were  used  in  this  numerical  form  in  the 
calculations. 

2.2.1  P hotoabsorpticm 

Photoabsorption  w’as  calculated  for  fourteen  photon  groups 
which  span  an  energy  range  between  10  and  300  eV;  these  grc^ups, 
the  radiators  of  these  groups,  and  the  corresponding  energies  and 
nominal  wavelengths  are  listed  in  Table  2.  The  photons  were  ab- 
sorbed by  O,  N^,  O^,  and  NO  in  their  ground  electronic  and 
vibrational  states. 

3 

Absorption  bv  0(  P)  was  limited  to  the  formation  of  the 
five  atomic  o.Kygen  ions  listed  in  Table  1.  The  cross  sections  were 
chosen  from  the  mean  of  theoretical  values  |He-67bl:  these  lie 
between  the  e.xperimental  data  [CS-G5a,  CS-68a].  Autoionization 
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1 

I. 


Table  1.  Species  and  Energy  Quantities. 


■■ 

Target 

Tarret 

3 

Encrir\-. 

Knerirv. 

Product 

orp) 

NO(X  'H) 

fV 

Product 

N.,(x'y 

NOi  X 'n  1 

eV 

0(^P) 

■■ 

2 56’ 

N('’s  ) 

a.  1 

a 

0(*D) 

xd 

1.  96 

N(^D  1 

a 

a 

o('s) 

xd 

a 

4.  17 

N(^P  ) 

a 

0(3s  ) 

xd 

9 H 

N(3.s  ‘'p) 

xd 

0(3.s  ) 

xd 

.1.  xd 

9 52 

N(3s  “P) 

xd 

0(3p  ^P) 

a 

10.74 

4 4 

N(2p  P) 

xd 

0(3p  ^P) 

Xd 

a 

10.  99 

N(3p  ''ll  ) 

xd 

11  70 

0(3d  ) 

xd 

12.  09 

N(3p  ■'p  ) 

xd 

11. 78 

9 

0(3s'  [>  ) 

xd 

12.  64 

N(3s'  “D) 

xd 

12  34 

0(3s ^P  ) 

xd 

14.  12 

N(4s  ^P) 

xd 

12.86 

.1 

9 

0(3d-  P ) 

xd 

15  40 

N(3d  “D) 

xd 

13.  02 

o*('‘s  ) 

a,  1 

t 

13.  62 

N,(x'i;,v>0) 

xd 

- 

0*(^D  ) 

a.  1 

16.  93 

a.  xd 

6.  17 

0*("P  ) 

a.  i 

18.  62 

N'ln^n  ) 

xd 

7.35 

0‘(3s2p'’  ■'?) 
0*(2s2p‘'  ^P) 
0"(^P) 

0 (X^r,v>0) 

a 

a 

da* 

xd 

28.49 
39.  98 
1.08 

“ 2 ^ 
"2'“  3^’ 
nVE  r *) 
N, (b  ‘n  ) •• 

xd 

xd 

xd 

xd 

8 55 
11  02 
n.  87 

o,u  ‘a  ) 
0-(b  ‘r  ) 

xd 

xd 

0.  98 
1.63 

xd 

xd 

12.  28 
12.  82 

2 1 K. 

°2<^  ‘-U  ' 

0-(n  ■) 

2 U 

xd 

xd 

4.05 
6.  12 

N2(c':c:u)  •• 
N,(b-  '■Z  *)•• 

xd 

xd 

13.  92 
14.71 

i u ^ 

2 3 “ 

Oj(Kydt)erK) 

o;(x  ) 

xd 
a,  i 

~13.  5 
12.06 

N ( P) 

n;(x  *) 

i 

a,  i 

14  53 
15.  58 

? 4 R 

o,(a  ’n  ) 

a.  t 

16.  10 

N,  (A  '=11  ) 

a . i 

16  58 

? 2 

7 2 

o,(A  n 

a.  i 

16.  81 

N,  in  1 

18.  75 

? 4, 

2 .u 

0,  b :: 

a,  1 

18.  2 

NO  (X  'l‘) 

a 

10  20 

?2,  -? 

°2<  -R  > 

a 

20.  0 

a s ph«)(oabsorption;  xd  s ('olltstoruil  excitation  and  dissociation;  i . coUibional  ionization:  and 
da  dissociative  attachment. 


t 3 4a 

The  enrriry  reference  for  all  monatomic  products  is  the  enerirv  of  Of  P)  or  N(  S ) except  for  these 

latter;  for  diatomic  prtiducts  as  •A-ell  as  0(3p)  or  N(*^S°).  the  enerc\-  reference  is  provided  bv 
02(X  ♦ N*2^X  ^r.V).  f-  nerirv  differences  .amom:  levels  of  Of^pQ  j 2^  have  been  neglected  except 

In  the  treatment  of  fine-structure  coolin*’. 

* Excitation  to  Hvdl>err  state  of  O2  is  considered  onlv  for  the  collecMon  of  such  states  and  a re- 
presentative enorpy  is  taken  to  be  13.0  eV. 

• « 


The  representative  enerirtes  tif  these  slates  are  determined  on  the  liasis  iif  vibronic  excitation  bv 
hiph-enercy  electron  impact  (see  Section  4).  The  collection  of  sutes  c^  and 

U represented  bv  N2(c':c;o). 


Table  2.  Data  on  Photon  Groups  . 


1 


Radiator 

Energy,  eV 

NV 

10.01 

Nil 

11.42 

NIII 

12.  52 

CII 

13.  71 

OII.OIII 

14.  84 

OIV 

15.74 

Olll 

17.  63 

OIIl 

20.  67 

OIII 

24.  40 

Mg  IX 

33.67 

He  II 

40.  80 

- 

65.44 

- 

130.41 

Si  XII 

281,  05 

Nominal  Wav e 1 enp;th.  A 

1240 

1085 

990 

904 

834,835 

789 

703 

599 

508 

368 

304 

189 

95 

44 


[He-68a]  was  not  included.  Production  distribution  probabilities, 

b(i,S,S’),  were  obtained  from  Henry  iHe-67b ].  Instantaneous 

+-4  +2 

radiation  by  the  O ( P)  and  O ( P)  states  was  assumed. 

Absorption  by  resulted  in  the  products  listed  in 

Table  1.  Cross  sections  were  chosen  from  various  sources  [HT-63. 
SC-64,  Hu-69,  HC-69,  Hu-72al.  Recent  cross-section  data  [Ca-72  | 
of  generally  hifjher  resolution  and  for  vibrationallv-excited  s^round- 
electronic-state  N2  [CM-72c|  were  not  used  in  the  present  calcula- 
tions. Use  of  intermediate  resolution  data  (DC-691  in  the  range 
from  700  to  785  A would  not  significantly  change  the  adopted  cross- 
section  values.  For  absorption  of  photon  groups  representing 
multiplets,  the  cross  sections  for  lines  of  the  multiplets  were 
averaged,  using  line  strengths  (WS-66[  as  intensity  weighting 
factors,  to  obtain  multiplet  cross-sections.  In  determining  the 
degree  of  ionization,  the  cross-section  data  references  given  above, 
as  well  as  other  sources  |SC-64,  CO-65|,  were  searched.  Wliere 
the  degree  of  ionization  was  less  than  unity,  the  formation  of  the 
products  N(  S ) and  N(  D°)  was  regarded  as  equally  probable.  At 
wavelengths  above  the  ionization  threshold,  predissociation  was 
considered;  for  photon  groups  of  nominal  wavelengths  990  A. 

904  A,  835A,  the  fractional  predissociation  and  products  of  pre- 

4 

dissociation  were  estimated  to  be,  respectively  1.  0 and  N(  S ) + 
N(^D  ),  0.  0,  and  0.  76  and  N(^D"’)  + N(^D°)  on  the  basis  of  available 
data  [CC-69,  Dr-69]. 

The  probabilities  for  ion  products,  b{i,S,S’),  were  obtained 
from  Blake  and  Caiwer  (BC-67 ) for  wavelengths  of  580  A and 
greater;  at  smaller  wavelengths,  the  probabilities  were  assumed 
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F 


T' 


1 


to  be  constant  at  the  values  for  580  A.  For  the  ion  products,  only 
the  ground  vibrational  level  was  assumed  to  be  populated.  This  is 
a good  approximation  for  N *(X  [BC-67]  and  N„  (B 

|,rVV'-68]but  for  N ‘(A  B ),  level  v’  = 1 may  be  significantly  popu- 

^ VI  't“  2 2 

lated.  Instantaneous  radiation  by  N2  (A  H^)  and  (B  ) was 
assumed. 

3 _ 

The  11  products  of  absorption  by  0„(X  T _.)  are  listed  in 

id  ^ 

Table  1.  Cross-section  data  were  obtained  from  various  sources 
[BC-66,  CS-65a,  Hu-69,  llu-72a,  MW-67,  SC-64,  WZ-53].  Cross 
sections  for  multiplet  photon  groups  were  obtained  as  for  N2- 
Photoionization  coefficients  were  olitained  from  Matsunaga  and 
Watanabe  [MW-67  ].  The  probabilities  b(i,S,S’)  at  wavelengths 
between  the  ionization  threshold  and  580  A were  taken  from  Blake 

o 

and  Caiwer  [ BC-67  ];  for  wavelengths  smaller  than  580  A,  the 
probabilities  were  assumed  to  be  constant  at  the  values  for  580  A. 
F'urther,  the  relation 

b(i.  02(X  02(a  '^n^))-4b(i.  02(X  02(A 

w’as  assumed;  liowever.  see  Carlson  and  Judge  fCJ-71a].  The 
phoiodissociation  products  are  not  well  known  |MW-67.  BW-69. 

O 

FW-69].  Below  930  A.  estimates  of  Matsunaga  and  Watanabe 

[MW-67]  and  Beyer  and  Welge  [BW-69]  were  used;  at  longer  w'ave- 
3 1 

lengths.  0(  P)  and  0(  D)  were  regarded  as  equally  probable 
dissociation  products.  As  in  the  case  of  N2.  only  the  ground 
vibrational  level  of  ions  was  assumed  to  be  populated;  this  is  not 
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a good  assumption  for  oxygen,  but  apparently  it  is  not  serious  for 

the  results  of  the  present  calculations.  Instantaneous  i-adiation  by 

0„  (b  ),  Ocl{A  ),  and  ) was  assumed. 

c g d u 2 g 

The  products  of  absorption  by  NO  were  restricted  to  the 

list  of  six  in  Table  1.  Cross-section  data  were  taken  from  several 

sources  [CC-65,  SH-66a,  Wa-58,  WM-67].  Resolution  of  multi- 

plets  was  not  employed  for  these  data  as  for  N„  and  O . Ionization 

coefficients  fCC-65.  WM-67]  were  arbitrarily  set  to  unity  below 

580  A-  The  product  distribution  was  estimated  on  the  basis  of 

phase-space  considerations. 


2.2.2  Collisional  Excitation 


Additions  to  the  cross-section  data  for  excitation  of 
0(^P)  [MS-75]  were  made  for  the  states  0(3d  ^D°),  0(3s'  ^D°). 
0(3s"  ^P°)  and  0(3d'  ^P°)  [DL-71]. 


1. 


A revision  of  cross  sections  for  excitation  to  the  b n . 

1 t 1 t 

b'  E ' . and  c'  E*  states  and  addition  of  data  on  excitation  to  the 
j u n ^ u 

c 


1 ^ "l 

n and  o n states  have  been  made.  The  source  and  treat- 
n u n u 


ment  of  these  data  are  described  in  Section  4. 


Excitation  to  Rydberg  states  of  molecular  oxygen  has  been 
included.  These  states  are  collectively  treated;  the  excitation 
cross-section  is  based  on  experimental  data  [TW-72]  obtained  at  an 
electron  impact  energy  of  45  eV  and  on  a cross-section  curv^e  shape 
of  theoreti'^al  origin  [SK-75|.  From  the  experimental  data,  the 
residual  cross-section  (i.e.,  after  accounting  for  specific 
excitations,  ionization  and  elastic  processes)  has  been  interpreted 
as  representing  excitation  to  Rydberg  states. 
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2.2.3  Radiative  Decay 


The  changes  made  in  accounting  for  radiative  decay 

consist  of  additional  processes  in  which  the  radiative  transition  is 

regarded  as  occurring  instantaneously  after  excitation  to  the 

radiating  state.  These  are  presented  in  Table  3.  The  radiative 

decay  attributed  in  Table  3 to  Rydberg  states  of  molecular  oxygen 

and  the  states  b ^fl  , b'  ^ , c'  ^ , c and  o ^17  of 
u u u u u 

molecular  nitrogen  is  only  partial  as  dissociation  and  predissociation 
are  also  accounted  for  in  the  transitions  undergone  by  these  states 
(see  Section  4 for  further  discussion  of  these  states  of  molecular 
nitrogen). 

2.2.4  Conditions  of  the  Calculations 

For  each  of  the  fourteen  photon  groups  of  Table  2,  the 
series  of  sixteen  calculations  (one  calculation  for  each  listed  value 
of  the  electron  density,  [e])  indicated  in  Table  4 were  made.  The 
calculations  span  a range  of  atmospheric  compositions  corresponding 
to  altitudes  from  60  to  250  km.  For  each  composition,  the  back- 
ground ionization  has  (1)  the  ambient  value  (first  listed  on  Table  4), 
and  (2)  values  between  two  limits:  at  the  lower  limit.  Coulomb 
interactions  between  high-energy  and  thermal  electrons  became 
an  important  contribution  to  energy  loss  by  the  high-energy  electrons 
and  at  the  upper  limit,  loss  of  high-energy  electrons  by  dissociative 
recombination  invalidates  the  steady-state  approximation  for  the 
electron  energy  distribution  as  used  in  the  present  calculations. 

Also,  an  additional  three  calculations  are  made  for  compositions 
corresponding  essentially  to  single  species  of  N2,  O2  and  O. 
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Table  3.  I^adiativ'^e  Processes  Regarded  as  Instantaneous. 


Transition 

Initiating  Process* 

T,  see' 

e\ 

0(3s  ^S'’) 

-♦ 

0(^P)  + he 

a 0(^P) 

6(-4)* 

9.  H 

0(3s  ^S") 

- 

0(^P)  t he 

a O^IX  a 0(^P) 

2.  6(-9) 

9.  52 

0(3p  ^P) 

- 

0(3s  ^S’)  * he 

a 0,(X  h*).  a 0(^P) 

2.9(-8) 

1.  GO 

0(3p  ^P) 

- 

0(3s  ^S")  t he 

a O^fX  a 0(^P) 

3.  C(-8) 

1.  -)7 

0(3s'  = ) 

-t 

0(^P)  . he 

a O('^P) 

•}.3(-9) 

12.  54 

0(3s'  ’p  ) 

- 

O(^P)  + he 

a 0(^P) 

3.  1(-91 

14.  12 

0(3d 

- 

0(^P)  - he 

a Oi^P) 

2.  6(-81 

12.  09 

0(3d'  ^P  ) 

-* 

Ot^P)  - he 

a 0(^P) 

1.3(-8) 

15.  40 

0*(2s2p“’  ‘’p) 

>* 

O^f'^S  ) - he 

a 0(^P) 

7.  I(-IO) 

14.  87 

0*(2s2p‘’  ^P) 

-* 

O'i’lr)  • he 

a 0(^P) 

5.  G(-IO) 

23.  05 

02(Hydberp) 

- 

02(X  . he 

xd  O.IX  ^I'l 
2 g 

a 0„(X  ') 

2 g 

- 

- 13.  5 

2n  J 

O:  (X  “fl  ) - he 
2 g 

'C.  7i-7) 

4.  75 

03^(bV) 

-* 

a 0,(X  ■ ) 

2 g 

•1. 2(-6) 

2.  1 

-• 

(A  “n  ) + 
2 u 

a 0,(X  ■) 

2 g 

3.  19 

N^ib 

NgfX  . he” 

xd  N-  (X  ') 

2 g 

r 

da 

12.  82 

Njlc-  V) 

•* 

N^IX  4.  he” 

xd  N„ (X  'x  * 1 
2 g 

da 

13.  92 

N2(c  IflJ 

-* 

N^tX  * he” 

xd  N„ (X  'r  *) 
2 g 

Njlo  \t 

N-(X  'x")  . he” 
2 g 

xd  N (X  T 

-* 

N^(X  4 he” 

xdN-2(X 

da 

14.  17 

N-(A  \) 

N^fX  4 he 

2 g 

a N^IX  ’iM 

'M.  2(-5) 

1.0 

^2*1" 

- 

N^^’lX  “L-‘)  4 he 
2 g 

a N^IX 

'•7.  1-8) 

3.  17 

a - photnnhsorption:  xd  collisional  cxcitatinn  and  dissoriation;  i - c<)^l^ion;^l  lom/ation. 

t 

Monatoniir  radiative  lifetimes  from  WS-6G:  diatomic  radiative  lifetimes  from  An-7U-. 
rvcadic  exponents  are  enclosed  in  parentheses. 
d.1  £5  dipole  allowed.  Cl. -72. 

* 

Only  for  those  vibrational  levels  not  predissociated  (sec  Section  A). 


.0(9)  2.0(9)  6.3(9) 


The  densities  of  N2>  and  O and  the  neuti’al  particle 
temperature  (at  and  below  100  km)  for  specified  altitudes  were 
chosen  from  the  CIRA  1972  mean  atmosphere  [Cl-72]  except 
for  the  density  of  O at  60  km  which  was  based  on  other  calculations 
[SL-70a].  At  and  below  100  km,  the  electron  temperature  was  set 
equal  to  the  neutral  particle  temperature.  Above  100  km,  the  elec- 
tron and  neutral  particle  temperatures  were  based  on  other  models 
[HS-75],  Densities  of  NO  were  taken  from  My-75.  The  vibratioruil 
temperature  was  set  equal  to  the  neutral  particle  temperature,  and 
the  flux  value  listed  was  arbitrarily  chosen  since  results  are 
normalized  with  respect  to  absorbed  photons. 

2.3  RESULTS 

The  results  are  presented  of  calculations  with  the  ISRADU 
code  for  the  depositions,  in  the  ambient  and  disturbed  atmosphere, 
of  UV  photons  with  energies  in  the  range  10.0  to  281.05  eV  and  at 
altitudes  in  the  range  60  to  500  km. 

2.3.1  Initial  Species 

The  initial  species  formed  by  the  absorption  of  UV  photons 
are  listed  in  Table  5 in  terms  of  the  number  of  particles  formed  per 
absorbed  photon;  these  quantities  are  calculated  according  to 

/i  o 

Eq.  (13).  The  double  entries  for  the  species  N(  S°)  and  N(  D°) 
represent  the  range  of  specific  densities  corresponding  to  the  range 
of  uncertainty  associated  with  the  predissociation  of  molecular 
nitrogen;  discussion  of  the  uncertainty  in  the  predissociation  is 
presented  in  Section  4.  The  initial  species  listed  in  Tables  5a  through 
5d  correspond  to  photon  absorption  at  altitudes  of  60,  110,  145  and 
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Species  Densities  per  Absorbed  Photon  at  110  km  and 

5 -3 

Ambient  Electron  Density  {[e]  , = 10  cm  ). 


Species  Densities  per  Absorbed  Photon  at  145  km  and 


Table  5e.  Species  Densities  per  Absorbed  Photon  in  Atomic  Oxyt^en 


Species  Densities  per  Absorbed  Photon 


250  km  respectively;  those  listed  in  Tables  5e  through  5g  correspcjnd 
to  photon  absorption  in  single  component  gases  of  atomic  oxygen 
and  molecular  nitrogen  and  oxygen,  respectively,  with  background 
electron  densities.  In  the  atomic  oxygen  case.  Table  5e,  the  initial 
species  also  represent,  to  within  a negligible  error,  those  species 
formed  at  500  km  by  photon  absoi-ption  since  the  electron  density 
used  has  the  ambient  value  and  the  density  of  atomic  oxygen  represents 
about  99%  of  the  total  density  at  500  km. 

The  species  densities  per  absorbed  photon  at  a fixed 
altitude  have  erratic  values  as  a function  of  photon  energy  for 
energies  below  16  eV.  For  photon  energies  in  the  range  between  20 
and  281  eV,  the  species  per  absorbed  photon  have  smoothly  increasing 
values  as  a function  of  photon  energy.  At  the  low  energy  end  of  the 
latter  range  of  photon  energies,  neutral  and  ionic  species  are  formed 
in  comparable  amounts;  at  the  high-energy  end  of  this  range,  about 
twice  as  many  neutral  as  ionic  species  are  formed  except  for  a 
range  of  altitudes  centered  about  250  km  where  the  respectiv'e 
amounts  are  again  comparable.  There  is,  as  expected  on  the  basis 
of  the  change  in  atmospheric  composition  with  altitude,  a monotonic 
variation  of  species  per  absorbed  photon  at  a fixed  photon  energy, 
for  many  of  the  species. 

The  total  number  of  electrons  formed  per  absorbed  photon 
can  be  represented,  relatively  simply,  as  a function  of  photon  energy 
and  atmospheric  composition  for  photon  energies  of  15.  74  eV  and 
larger  and  for  compositions  corresponding  to  the  range  of  altitudes 
between  60  and  500  km.  On  the  basis  of  the  data  of  the  Tables  4 and 
5,  the  total  number  of  electrons  per  absorbed  photon  is  given  by 
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(e 


ap 


= 1-1.864-10  (1-0.  99361  -1.016f  )e 


for  15.74  iE  (eV)  < 28.0  and  by 
P 


-0.7323(1-0.35091  -0.  23191-.  )E 
O N2  p 

(14) 


lei  = 1.0  r (0.05371 
^ap 


0.015191  - 0.031791^  )(E  -28.0)  (15) 

O ^ o P 


for  E ^ 28.  0 eV.  The  quantities  1^  and  1 , are  the  fractional 
densities  of  O and  N2.  Equation  (14)  is  accurate  to  within  3^^  except 
at  500  km  for  ener<;ies  between  15.  74  and  17.  6 eV  where  the  error 
can  be  as  large  as  T < : Eq.  (15)  is  accurate  to  within  3*^.  The  fact  that 
the  fractional  contributions  of  O and  N2  to  Eqs.  (14)  and  (15)  occur 
as  first  powers  is  a consequence  of  the  coupling  among  contributions 
of  O.  N2  and  O2.  To  account  for  the  individual  contributions  of 
these  latter  species  to  the  electrons  per  absorbed  photon  requires,  at 
least  at  the  higher  photon  energies,  relationships  of  the  form 


[e]  . = af“ 

^ap,i  1 


bf^(E  - E°) 
1 P P 


(16) 


where  [e]^p  ■ is  the  number  of  electrons  formed  per  photon 

absorbed  by  species  i,  a,  b,  a,  and  E°  are  constants  with 

P 

n,fi  ^ 1.  For  the  data  of  Tables  4 and  5,  the  value  of  these  constants 
are  given  in  Table  6 for  photon  energies  greater  than  33.  67  eV. 

The  sum  li-tel  . = [e]  gives  values  accurate  to  about  3% 
except  for  the  smallest  energies  at  the  lowest  altitudes  (<^60  km) 
and  energies  above  41  eV  at  500  km  where  the  errors  are  as  large 
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Table  6:  Constants  For  The  Relation  Between  Electrons 


Formed 

per  Absorbed  Photon  and  Absorber 

1 

Absorber 

a 

b 

o; 

1.06 

0. 0266 

0.  872 

0.  649 

33.  67 

°2 

1.26 

0.0238 

0.  927 

0.  821 

33.67  : 

o 

1.20 

0.0350 

1.09 

1.30 

33.67  i 

as  8^f.  Also 

note  that  | 

e]  , = 
'ap.  1 ^ 

]^p  where 

|i^  1 is  the 
^ ^ap 

density  of 

ions  formed  from  absorber  i per  absorbed  photon  and  for  the  mo- 
lecular absorbers,  i’  represents  the  sum  of  the  correspondinc;  singly 
charixed  molecular  and  atomic  ions.  To  represent  the  electrons  and 
ions  per  absorbed  photon  from  absorber  i as  a function  of  photon 
eneriiy  and  atmospheric  composition  will  be  more  involved,  for  photon 
enerixies  between  15.  74  and  33.  67  eV.  than  the  above  treatment;  no 
attempt  to  obtain  this  representation  has  been  made.  From  Table  5. 
it  is  apparent  that  neutral  species  can  also  be  represented  as  a 
function  of  photon  enerc^y  and  atmospheric  composition  in  a manner 
analogous  to  that  for  electrons  and  ions;  again,  no  attempt  has  been 

made  to  do  so.  ' 

2.3.2  Energy  Partitioning 

The  partitioning  of  energy  into  seven  modes  for  absorption 
is  shown  in  Table  7;  the  values  listed  in  the  table  are  the  fractions  ' 

of  the  total  energy  appearing  in  mode  M computed  from  the  ratio 
(dM  'dt)  (dM  ^dt)  where  dM  'dt  is  calculated  according  to  Eq.  (8). 

The  energy  modes  M are:  heavy  particle  translation  (K).  electron  I 

translation  (E).  radiation  (R).  vibrational  excitation  (X^).  ionization  (I). 
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titioning  for  Varying  Altitudes  and  Photon  Energies. 


0.U2  0.180  I 0.052  t 0,103  | 0.123  0.069 


dissociation  (D),  and  electronic  excitation  (X^).  Table  7a  contains 
data  on  energy  partitioning  for  various  photon  energies  as  a function 
of  altitude  in  the  range  between  60  and  250  kni;  Table  7b  has  data  on 
single  component  gases.  As  before  (see  Section  2.  3.  1).  the  data  on 
atomic  oxygen,  of  Table  7b,  may  be  regarded  as  the  500  km  altitude 
calculations  and  thus  can  be  used  as  an  extension  of  Table  7a. 


The  most  important  energy  mode  at  low  photon  energies  is 
dissociation  and  at  higher  photon  energies,  ionization.  A significant 
fraction  of  the  energy  is  used  in  dissociating  molecules  following 
absorption  of  photons  with  energies  (E^^)  of  14.  84  eV  or  less,  excepting 
13.  71  eV;  the  fi’action  is  erratic  in  magnitude  with  variation  in  E 

P 

and  has  values  as  large  as  0.  74.  This  fraction  declines  in  magnitude 

with  increasing  altitude  except  for  E = 12.  52  eV'  where  a maximum 

P 

occurs  at  250  km.  For  E > 15.  75  eV.  the  energv  in  dissociation  is 

P 

generally  less  than  0.  05  up  to  40.  8 eV  and  less  than  0.  12  for  all  photon 

energies  above  15.  74  eV.  At  E^^  - 15.  74  eV.  the  energy  in  dissociation 

declines  with  altitude  and,  as  a function  of  E , exhibits  a minimum  at 

P 

about  20  eV.  The  energy  in  ionization  is  generally  less  than  that  in 

dissociation  for  E^^  ^ 14,  84  eV  except  at  the  highest  altitudes.  But 

for  Ep  • 15.  74  eV.  the  fraction  of  energy  in  ionization  is  largest;  for 

the  altitude  range  from  60  to  500  km.  the  fraction  is  between  0.  65  and 

0.  80  for  photon  energies  in  the  range  from  15.  74  to  20.  67  eV  and  is 

between  0.  43  and  0.  52  for  E ^ 33.  67  eV. 

P 


Of  secondary  magnitude,  are  the  fractions  of  the  energy  in  the 

radiation  and  electronic  excitation  modes.  For  E ^ 14.  84  eV,  the 

P 

fraction  of  energy  in  the  radiation  mode  is  significant  only  for  E^  = 

13.  71  and  14.  84  eV.  The  large  fraction  in  the  radiation  mode  for 

E = 13.  71  eV.  ~ 0.  6 for  altitudes  from  60  to  145  km.  is  mainly  from 
P 


radiative  decay  of  the  c'  state  of  nitrogen  (see  Section  4);  for 
photon  energies  of  12,  52  and  14.84  eV.  the  nitrogen  excited  to  the 
singlet  v^alence  and  Rydberg  states  predominantly  decays  by  pre- 
dissociation. The  fraction  of  energy  in  the  radiation  mode  for  energies 
in  the  range  15,  74  to  24.  40  eV  is  less  tlian  about  0.  05  and  generally 
declines  with  increasing  altitude.  For  E ^ 33.  67  eV.  the  fraction  in 

p 

radiation  is  between  about  0.  15  and  0.  25  and  increases  with  increasing 
altitude.  For  electronic  excitation,  the  fraction  of  energy  is  between 
0.  15  and  0.  25  for  ^ 14.  84  eV  and  for  altitudes  in  the  range  60  to 
145  km;  the  fraction  declines  with  increasing  altitude  and  is  erratic 
as  a function  of  photon  energy  For  E^^  ^ 15.  74  eV.  the  fraction  of 
energy  in  electronic  excitation,  as  a function  of  E . rises  to  near 

p 

30  eV  and  declines  with  further  increase  in  E . The  maxima  are 

P 

fractions  in  the  range  0.  15  to  0.  30  and  the  declines  in  the  fractional 

values  at  larger  E are  modest. 

P 

The  fractions  of  energy  in  the  electron  and  hea\7  particle 

translation  modes  and  in  the  vibrational  excitation  mode  are  generally 

the  smallest.  The  fraction  in  electron  translation  is  less  than  about 

0,  15  except  at  250  km  for  E = 20,  67  and  24.  40  eV.  The  fraction  in 

P 

electron  translation  increases  with  altitude  except  for  E ^ 17.63  eV 

P 

where  a decline  occurs  between  250  and  500  km.  For  the  hea\'y- 

particle  translation,  the  fraction  is  genei'ally  m the  range  0.  03  to  0.  05 

except  at  E = 15.  74  eV  and  for  E = 10.01  and  11,43  eV;  in  the 
P P 

latter  case,  fractions  are  in  the  range  0.  29  to  0.  38  at  low  altitudes. 

The  fraction  of  energy  in  the  heavy-particle  translation  mode  declines 
with  increasing  altitude.  The  fraction  of  energy  in  vibrational  excitation 
decreases  with  increasing  altitude,  rises  with  E^^  increasing  to  20.  67 
eV  and  is  relatively  constant  for  larger  E^. 
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The  electron  volts  per  ion  pair  (E^^)  formed  by  photon  ab- 
sorption are  listed  in  Table  8 and  shown  in  Figure  1 as  a function  of 
photon  energy  and  altitude.  The  listed  quantities  were  calculated 
according  to  Eq.  (11).  For  photon  energies  between  17  and  34  eV. 
the  values  of  E.  increase  with  increasing  photon  energy  and  for 

ip 

energies  greater  than  34  eV,  E^^  moderately  increases  or  decreases 
and  ultimately  changes  only  slightly  with  increasing  photon  energy. 

For  photon  energies  below  17  eV.  E^^^^  increases  in  an  irregular  manner 
with  decx’easing  photon  energy.  The  dependence  of  E.^^  [=  E.^^(pa)J  in 
photoabsorption  is  in  contrast  to  the  case  of  E.^^  [-  E.^^(e)]  in  electron 
deposition  [MS-75];  in  the  latter,  well-known  case.  E.^^(e)  decreases 
monotonically  with  increasing  (electron)  energy.  The  differences  are 
understood  by  considering  the  equations  for  E.^(pa)  and  E^^^(e).  When 
in  the  photoabsorption  case,  photoionization  predominates.  Eq.  (11) 
may  be  rearranged  to  yield 


E.  (pa) 
ip 


E (i) 


-(ija) 


(17) 


where  one  represents  the  primary  photoelectron  and  "(pa)  the  number 
of  subsequently  derived  electrons.  Between  E^(i)  values  of  17  and  34 
eV.  r'(pa)  is  small  compared  to  one  and  E^^^(pa)  above  34  eV. 

"(pa)  is  significant  and  as  o(pa)  increases  with  increasing  E^^(i).  a 
moderate  or  slight  change  in  E.^(pa)  with  increasing  photon  energy  is 
understandable.  Below  17  eV.  where  photon  absorption  to  yield  neutral 
states  is  important,  less  than  one  primary  photoelectron  is  obtained  on 
the  average  for  absorption  of  energy  E^(i);  thus  the  one  in  the  denomi- 
nator of  Eq.  (17)  is  replaced  by  a number  less  than  one  yielding  a larger 
value  of  E.  (pa)  below  17  eV.  The  neutral  states  formed  by  photo- 
at)sorption  below  17  eV  are  primarily  those  of  N2.  These  states 
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Fi^re  1.  Electron  Volts  per  Ion  Pair  vs  Photon  Enerf^y  at  Selected  Altitudes. 


either  preciissociate,  as  is  evident  from  Table  5 or  radiatively  decay 
to  the  ground  state. 

In  the  corresponding  case  of  electron  deposition. 


(e) 


(18) 


where  is  the  energy  of  the  incident  electron  and  c(e)  is  the  number 

of  subsequently  derived  electrons  (i.  e. , primary,  secondary,  etc.). 

As  e increases,  c(e)  increases  rapidlv  at  low  electron  energies  and 
111 

in  approximate  proportion  to  at  high  energies. 

The  relation  between  Eqs.  (17)  and  (18)  is  demo’i.strated  by 
considering  the  effect  of  the  primary  photoelectron  on  the  subsequent 
formation  of  ion  pairs.  The  energy  of  the  photoelectron  is  E^^(i)  - Ej 
where  E^  is  the  average  ionization  energy  of  the  target  gas  for  the 
photon.  Consequently,  for  the  photoelectron  with  energy  in  excess  of 
the  smallest  ionization  energy  of  the  target  gas,  the  electron  volts 
per  ion  pair,  E.^^(pe),  is 


E.  (pe) 

ip  ^ 


E (i)  - E, 
= P ^ 
cr(pa) 


(19) 


This  equation  giv'es  the  same  results  as  Eq.  (18);  this  is  demonstrated 
in  Eigure  2 by  applying  Eq.  (19)  to  the  data  on  Tables  4 and  5a  for 
60  km  and  comparing  these  results  with  values  of  E.^(e)  taken  from 
Table  10  in  Section  3 below  where  the  deposition  of  incident  electrons 
is  treated  (note  tliat  o(pa)  = [e]  - 1 where  [e]  is  given  in  Table  5a). 
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2.3.3  Electron  Flux  Spectra 

The  electron  flux  spectra  have  been  calculated  by  usin^  the 
steady  state  densities  of  electrons  in  each  electron  ener^’  bin 
according  to  the  equation  [MS- 75] 

i.  = v.[e.]AU.  (20) 

r r J 

where  t is  the  flux  and  AU.  the  width  of  ener^  bin  j. 

The  relative  contributions  of  the  thermal  electrons  and  photo- 
electrons to  the  electron  flux  spectra  over  the  ran^e  of  photon  energies 
and  altitudes  considered  here.  vary.  At  60  and  110  km,  the  photo- 
electron contribution  is  greatly  in  excess  of  the  thermal  electron 
contribution  for  photon  energies  above  12.51  eV.  The  photoelectron 
contribution  dominates  at  higher  altitudes  for  photon  energies  (and 
for  electron  bin  energies)  above  14.  84  (2.  9).  15.  74  (3.  6).  and  17.  63 
(5.  7)  eV  at  altitudes  of  145.  250.  and  500  km.  respectively.  The 
electron  flux  spectra  presented  here  will  include  the  photoelectron 
contribution  but  not  the  thermal  electron  contribution:  the  latter  can 
be  readily  added  to  the  spectra,  if  desired  [MH-75aj. 

A typical  electron  flux  spectrum  at  60  km  is  shown  in 
Figure  3 for  a photon  energy  of  20.  67  eV.  For  low’er  photon  energies, 
the  spectrum  would  be  similar  to  that  in  Figure  3 but  terminated  at  a 
lower  electron  bin  energy;  for  higher  photon  energies,  the  decline  in 
flux  for  higher  electron  bin  energies  would  be  extended  to  higher 
energies  (note  that  the  electron  energy  scale  of  Figure  3 is  a loga- 
rithmic scale).  The  electron  flux  spectrum  is  essentially  that  shown 
and  discussed  previously  [MS- 75]  for  electron  energy’  deposition. 


Also  shown  in  Figure  3 is  the  electi'on  flax  as  a function  of 
photon  energy  for  the  4.  5 eV  electron  enert^y  bin.  Maxima  in  the 
flux  occui'  at  20.  67  and  40,8  eV.  This  shape  for  the  flux-photon 
energy  profile  persists  (maxima  at  approximately  the  same  photon 
energy)  for  other  electron  bin  energies  but  with  the  profile  terminated 
on  the  low-energy  side  at  progressively  higher  photon  energies  for 
higher  electron  bin  energies.  This  same  shape  and  behavior  are 
found  in  flux  data  at  higher  altitudes.  At  250  km.  for  example,  only 
the  maxima  are  shifted  to  higher  energies  by  several  eV. 

The  change  in  the  photoelectron  contribution  to  the  electron 
flux  spectrum  with  altitude  is  shown  in  Figure  4 for  20.67  eV  photons. 
The  minimum,  centered  about  2.3  eV.  vanishes  with  increase  in 
altitude  as  previously  discussed  [MH-75aj. 

2.  3.  4 Disturbed  Atmospheres 

Calculations  of  the  initial  species,  energy  partitioning, 
electron  flux  spectra  and  derived  quantities  have  been  made  for  dis- 
turbed atmospheres.  The  disturbed  atmospheres  are  represented 
in  the  calculations  by  using  a background  electron  density  in  excess 
of  the  ambient  electron  density  of  the  undistributed  (natural)  atmos- 
phere. The  basis  of  the  selection  of  the  range  of  these  background 
electron  densities  has  been  given  in  Section  2.  2.  4 above.  Because 
of  the  extensiveness  of  these  calculations  only  a summary  is  given 
here;  details  must  be  obtained  by  examining  the  microfiche  for  the 
calculations  (see  Appendix  A). 

The  effect  of  increasing  the  background  ionization  is  to 
increase  the  Coulomb  interactions  between  the  thermal  subset  of 
electrons  (the  background  electrons)  and  the  high-energy  subset  of 


electrons.  This  reduces  the  number  of  high-energy  electrons  in 
progressively  higher  energy  bins  as  the  background  electron  density 
is  increased.  In  turn,  this  reduces  the  occurrence  of  processes  with 
progressively  higher  energy  requirements. 

In  the  present  calculations,  background  electron  densities 
12  4 

were  raised  by  factors  of  10  at  60  km  and  by  10  at  all  other 
altitudes.  At  60  km.  no  effect  on  species  densities  was  found  until 
the  backgrouiid  density  exceeded  the  ambient  density  by  factors  of 

g 

10  or  larger.  Positive  ion  densities  were  not  affected  by  the  in- 
creased background  electron  densities  at  any  altitude  for  photon 
energies  less  than  33.  67  eV;  for  photon  energies  at  and  above  33.  67 
eV.  reductions  in  the  positive  ion  densities  by  5 - 40*^  and  5 - OO'^)  at 
145  and  250  km.  respectively,  were  found.  Since  the  electron  densities 
at  and  above  33.  67  eV  are  relatively  small,  the  overall  effect  on  posi- 
tive ion  densities  of  the  increased  background  electron  densities  is 
negligible.  The  neutral  species  derived  from  photoabsorption  are 
decreased  with  increasing  background  electron  density  by  factors 
greater  than  100.  5,  and  1.3  at  altitudes  of  250.  145.  and  110  km, 
respectively,  and  by  30^  or  less  at  60  km.  The  exceptions  to  these 
changes  are  nitrogen  atoms  (which  are  decreased  only  by  factors  of 
1.  1 to  3 at  145  km  and  negligibly  at  110  km)  and  02(a)  and  02(b)  (which 
are  decreased  by  factors  of  10-  20  at  60  km). 

The  changes  in  the  energy  partitioning  with  increasing  back- 
ground electron  densities  at  60  and  110  km  consist  in  an  increase  in 
the  fractional  energy  of  the  electron  translational  mode  by  up  to  0.  12 
and  a concomitant  decrease  in  fraction  of  energy  in  vibrational  and 
electronic  excitation  modes.  At  145  and  250  km,  the  changes  upon 
absorption  of  photons  with  energies  less  than  about  20  eV.  are  negligible 
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in  all  energy  modes.  At  higher  photon  energies,  the  fractional  energy 
in  the  electron  translational  mode  increases  (by  up  to  0.  3 and  0.  75  at 
altitudes  of  145  and  250  km.  respectively)  and  the  fraction  of  energy  in 
the  electronic  excitation,  radiation  and  ionization  modes  decreases. 

The  change  in  the  electron  flux  spectrum  with  increasing 
background  electron  density  is  shown  in  Figure  5 for  the  case  of  ab- 
sorption at  145  km  of  photons  with  energy  of  20.  67  eV.  The  flux  shown 
consists  only  of  the  photoelectron  contribution;  the  arrows  indicate  the 
energy  above  which  the  photoelectron  contribution  is  greater  than  the 
thermal  (background)  electron  contribution.  As  shown  in  Figure  5, 
the  electron  flux  is  preferentially  reduced  in  the  low-energy  bins; 
however,  the  more  important  reduction  is  ttiat  in  the  higher  energy- 
bins  since  the  thermal  (background)  electron  flux  for  the  low-energy 
bins  is  much  greater  than  the  photoelectron  flux.  The  flux  spectra  at 
different  background  electron  densities  will  tend  to  merge  in  higher 
electron  energy  bins  in  the  case  of  absorption  of  high-energy-  photons. 
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3.  ELECTRON  ENERGY  DEPOSITION 


The  species  and  energy  densities  which  result  from  the  depo- 
sition of  electrons  in  the  earth’s  atmosphere  are  calculated.  These 
calculations  are.  to  a large  extent,  a repetition  of  previous  calculations 
[MS-75]  but  with  the  changes  and  additions  indicated  in  Sections  2.  2 
and  4.  An  added  feature  of  the  present  calculations  is  inclusion  of 
electron  deposition  in  disturbed  atmospheres  — the  latter  being  defined 
as  in  Section  2.3.4. 

The  method  of  calculation  for  species  and  energy  densities 
and  derived  quantities  lias  been  discussed  elsew'here  [MS- 75]. 

3.  1 CONDITIONS  OF  THE  CALCUI.ATIONS 

The  input  data  for  the  calculations  of  electron  deposition  are 
given  in  Table  9.  For  each  of  sixteen  electron  densities,  a series 
of  calculations  for  the  seven  values  of  the  initial  electron  energy.  U. 
were  made.  The  calculations  spanned  the  same  range  of  altitudes 
and  atmospheric  compositions  as  were  used  in  the  photon  deposition 
calculations.  See  Section  2.2.4  for  additional  discussion  of  input 
data. 

3.2  RESULTS 

The  results  are  presented  of  calculations  w'ith  the  ISRAD 
code  for  the  deposition,  in  the  ambient  and  disturbed  atmosphere,  of 
electrons  with  energies  in  the  range  14  to  900  eV  and  at  altitudes  in 
the  range  60  to  500  km. 


3.2.1  Initial  Species 


The  initial  species  formed  by  the  deposition  of  electrons  with 
initial  energies  in  the  range  14  to  900  eV  are  listed  in  Table  10  in 
terms  of  the  number  of  particles  formed  per  ion  pair.  These  quanti- 
ties were  calculated  as  previously  described  [MS-75].  The  species 
listed  in  Tables  10a  through  lOd  correspond  to  electron  absorptions 
at  altitudes  of  60.  110,  145,  and  250  km,  respectively;  those  listed 
in  Tables  lOe,  lOf,  and  lOg  correspond  to  electron  absorption  in 
single  component  gases  of  molecular  oxygen,  molecular  nitrogen  and 
atomic  oxygen,  respectively,  with  background  electron  densities. 

The  atomic  oxygen  case.  Table  lOg.  may  be  regarded  as  a 500  km 
altitude  calculation  as  indicated  in  Section  2.3.  1. 

The  only  significant  difference  between  the  results  of  the 
present  calculation  and  the  previous  calculation  [MS- 75]  in  terms  of 
initial  species  is  in  the  atomic  nitrogen  densities.  Because  of  the 
reanalysis  of  the  electron  impact  excitation  and  dissociation  (and 
predissociation)  of  molecular  nitrogen  as  presented  in  Section  4,  the 

nitrogen  atom  densities  are  smaller  in  the  present  calculations.  The 

4 2 

N(  S°)  densities  are  found  to  be  about  40^  and  the  N(  D°)  densities 

to  be  about  45%  of  the  previously  calculated  [MS- 75]  values  at  altitudes 

from  60  through  145  km. 

3.2.2  Energy  Partitioning 

The  partitioning  of  energy  into  seven  modes  is  shown  on 
Table  11;  as  before  (see  MS-75  and  Section  2.3.2  above)  the  values 
listed  in  the  table  are  the  fractions  of  the  total  energy  appearing  in 
mode  M.  Table  11a  contains  data  on  energy  partitioning  for  various 


Tables  10a  and  10b.  Species  Densities  per  Ion-Pair  at  60  and  110  km  and  Ambient  Electron  Density 


Tables  10c  and  lOd.  Species  Densities  per  Ion-Pair  at  145  and  250  km  and  Ambient  Electron  Density 


Tables  lOe.  f and  g.  Species  Densities  per  Ion-Pair  in  Atomic  Oxygen 

Molecular  Oxygen  and  Molecular  Nitrogen. 
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Energy  Partitioning  for  Varying  Altitudes 
and  Source  Electron  Flux  Energies. 
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Table  lib.  Energy  Partitioninc:  for  Single  Constituent  Gases 
and  Varying  Source  Electron  Flux  Energies. 
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source  electron  flux  energies  as  a function  of  altitude;  Table  lib 
has  data  on  single  component  leases. 

The  major  differences  between  the  present  and  previous 
[MS-75]  calculations  of  enert^y  partitioning  arise  from  a reduction 
in  energy  in  dissociation  and  an  increase  in  the  energy  in  radiation. 
These  changes  approach  a factor  of  two  in  magnitude;  they  result 
from  the  reassessment  of  the  extent  of  predissociation  of  nitrogen, 
this  being  smaller  in  the  present  calculations.  Also,  the  electron 
volts  per  ion  pair  is  generally  smaller  in  the  present  calculations. 

3.2.3  Loss  Functions 

The  loss  functions,  calculated  according  to  Eq.  (20)  of 
MS- 75.  are  shown  in  Figure  6. 

3.2.4  Electron  Flux  Spectra 

The  electron  flux  spectra  calculated  here  are  not  sufficiently 
different  from  those  previously  calculated  [MS-75]  to  warrant 
discussion. 

3.2.5  Disturbed  Atmospheres 

The  calculation  of  the  initial  species,  energy  partitioning, 
electron  flux  spectra  and  derived  quantities  was  performed  for  elec- 
tron deposition  in  a similar  manner  as  for  photon  deposition  except 
that  at  each  altitude  the  variation  in  energy  represented  the  initial 
electron  energy  over  the  range  900  to  14  eV.  The  general  effect  on 
these  calculations  of  the  increased  background  ionization  in  disturbed 
atmospheres  has  been  discussed  above  (see  Section  2.3.4).  Also, 
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as  before,  the  background  electron  densities  in  the  present  calcula- 

12 

tions  were  raised  above  the  ambient  values  by  factors  of  10  at 

4 

60  km  and  by  10  at  all  other  altitudes.  Only  a summary  of  the 
results  of  the  calculations  is  presented  below. 

At  60  km,  no  effect  on  species  densities  was  found  until  the 
background  electron  density  exceeded  the  ambient  electron  density 

g 

by  a factor  of  greater  than  10  . The  positive  ion  densities  were 
essentially  unaffected  by  the  increased  background  electron  densities 
at  all  altitudes;  at  higher  altitudes,  145  and  250  km  where  small 
changes  did  occur,  the  positive  ion  densities  decreased  by  less  than 
10%.  The  densities  of  the  neutral  species  decreased  with  increase  in 

4 

the  background  ionization  except  for  the  nitrogen  atoms,  N(  S°), 

2 o 2 o 

N(  D°),  and  N(  P^’),  whose  densities  did  not  change  either  with  back- 
ground electron  density  or  with  altitude.  The  factors  by  which  the 
neutral  species  densities  decreased  were  less  than  about  50.  20.  5. 
and  1.  2 at  altitudes  of  250,  145,  110,  and  60  km,  respectively, 

except  for  0_(a  ) and  0„(b  ) which  experienced  greater  de- 

“ g ^ g 

creases  at  the  lower  altitudes.  At  a given  altitude,  the  decreases  in 
neutral  species  densities  were  smaller  at  smaller  initial  electron 
energies. 

The  changes  in  the  energy  partitioning  at  60  and  110  km 
consist  only  of  an  increase  of  the  fraction  of  the  energy  in  the  electron 
translational  mode  and  a corresponding  decrease  in  the  vibrational 
and  electronic  excitation  modes  when  the  background  electron  density 
is  increased;  all  other  energy  modes  are  unchanged.  At  higher 
altitudes,  the  principal  changes  are  the  same  as  at  60  and  110  km 
but  the  fractions  of  the  total  energy  in  other  energy  modes  decrease 
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with  increasing  background  electron  density.  At  a given  altitude, 
the  magnitude  of  the  change  in  any  energy  mode  increases  with 
decrease  in  the  initial  electron  energy. 

The  changes  in  the  electron  flux  spectra  with  increase  in 
the  background  electron  density  have  the  same  general  features  as 
found  in  the  case  of  photon  absorption  (see  Section  2.3.4).  The  elec- 
tron flux  is  preferentially  reduced  in  the  low-energy  bins,  the  shape 
of  the  high-energy  electron  contribution  to  the  flux  spectra  changes 
in  general  as  shown  in  Figure  5 and  the  flux  spectra  for  different  back- 
ground electron  densities  merge  for  the  high-energy  electron  energy 
bins. 
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4.  EXCITATION  TO  PREDISSOCIATING  STATES  OF  NITROGEN 

In  previous  calculations  [MS-75]  of  the  initial  species 
formed  after  absorption  of  electrons  in  the  atmosphere,  the  largest 
uncertainty  in  the  species  densities  was  associated  with  nitrogen 
atoms.  This  uncertainty  was  related  to  the  extent  of  predissociation 
assigned  to  specific  excited  states  of  nitrogen  and  to  the  excitation 
cross-section  values  employed  in  the  calculations.  In  this  section, 
these  aspects  of  treating  nitrogen  atom  formation  are  reviewed  and 
new  values  of  fractional  predissociation  and  excitation  cross-sections 
are  obtained.  The  cross-section  v^alues  are  derived  in  a consistent 
manner  by  combining  data  available  in  the  literature  and  lead,  in 
calculations  of  electron  energy  degradation,  to  the  observed  value  of 
the  energy  per  ion  pair  formed  in  nitrogen. 

4.  1 PREDISSOCIATION  OF  NITROGEN 

The  states  of  nitrogen  which  have  been  considered  in 

accounting  for  predissociation  consist  of  the  valence  states  b fl 
1 111^ 
and  b'  and  the  Rydberg  states  c'  c R , o R , and 

^^u  nu  nunu 

a ’ where  n . 3 (using  the  principal  quantum  numbers  assignments 
of  LD-72).  The  first  five  listed  states  apparently  are  the  principal 
states  contributing  to  nitrogen  atom  formation.  The  evidence  for 
predissociation  and  the  product  states  is  considered  first;  then 
estimates  of  the  extent  of  predissociation  are  made. 

For  the  b ^R^  state,  levels  v = 0,  2,  3,  and  4 are  pre- 
dissociated [CC-69]  while  levels  v = 1,  5,  and  6 are  not.  For  levels 
above  v = 6 there  is  a possibility  of  predissociation  but  no  firm 
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evidence  for  it.  The  present  calculations  will  include  predissocia- 
tion in  the  levels  above  v = 6 but  this  does  not  represent  an  important 
assumption  since  the  excitation  to  levels  v ^ 6 accounts  for  about 
83%  of  the  excitation.  The  b ^Ru  state  most  probably  predissociates 
to  the  product-pair,  N("^S°)  + N(^D°)  [CC-69]:  this  product-pair  is 
adopted  here. 

For  the  b'  state,  there  is  an  important  uncertainty  as 

to  the  occurrence  of  predissociation.  Levels  v = 0 to  9 have  been 

observed  in  emission  [CC-69]  and  levels  v = 20,  21,  and  22  are 

known  [CC-70b|  to  be  predissociated.  There  are  apparently  no  data 

for  the  levels  v = 10  through  19.  Unfortunately,  the  latter  group 

of  vibrational  levels  are  the  most  important  for  electron  excitation 

based  both  on  high-energy  [GS-69d]  and  low-energy  [La-69]  electron 

loss  spectra.  For  the  results  reported  in  Sections  2 and  3 above, 

repeat  calculations  were  made  by  considering  predissociation  and 

no  predissociation  in  levels  v = 10  through  19  (see  Sections  2.  3.  1 

and  3.  2.  1).  The  products  of  predissociation  will  be  taken  as 

N(^D°)  + N(^D°)  for  levels  v ^ 20  [CC-70b]  and  as  N('^S°)  + N(^D°) 

for  levels  v < 20.  Thus,  as  considered  below,  about  80%  of  the 

4 2 o 

predissociated  molecules  lead  to  the  product  pair  N(  S°)  + N(  D ). 

The  states  c'  are  the  first  members  of  the  WoiTev- 
n u 

Jenkins  Rydberg  series  converging  to  the  ground  state  of  the  nitrogen 
molecular  ion.  The  principal  quantum  number  of  the  lowest  energy 
state  has  been  given  different  assignments  by  different  investigators; 
n = 3 according  to  l.D-72  and  n = 4 according  to  CY-72a.  Here, 
n = 3 will  be  arbitrarily  chosen.  Following  excitation  to  vibrational 
levels  V = 0,  1,  2,  3,  4 of  the  lowest  energy  state  c' 

li 
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the  energy  of  excitation  is  radiated  [AD-71,  CC-69].  (Excitation  to 

the  V = 0 level  yields  the  most  intense  peak  in  the  energy  loss 

spectrum  for  25  keV  electrons  [GS-69d].  ) Thus  these  vibrational 

levels  are  not  important  for  predissociation.  The  higher  vibrational 

levels.  V ^ 5,  are  not  recorded  as  being  observed  in  emission 

[CC-69]  and  the  rotational  linewidths  for  v = 5 are  possibly 

widened  [CA-72],  indicating  the  possibility  of  predissociation.  The 

assumption  of  predissociation  will  be  made  for  vibrational  levels 

V = 5.  6,  and  7;  levels  above  v = 7 can  be  neglected  in  considering 

electron  excitation  processes.  For  the  c'  state,  electron 

4 u 

excitation  to  the  v = 0 and  1 levels  is  important  and  the  more 
important  of  these  levels,  v = 0.  is  definitely  predissociated 
[CC-70b];  lev'^el  v = 1 will  also  be  considered  as  predissociated. 

The  products  of  predissociation  are  taken  as  N(  S°)  + N(  D°)  for 
the  c:  levels  and  as  N('^S°)  + N(^D°)  and  N(^D°)  + N(^D°)  for 

O U 

the  c'  levels,  respectively,  to  the  extent  of  82^  and  IS^r  on  the 
basis  of  energy  considerations.  States  with  n s 5 will  be  treated 
below,  together  with  states  of  c^  having  these  principal  quantum 
numbers. 

The  states  are  a Rydberg  series  which  also  converge 

to  the  ground  state  of  the  nitrogen  molecular  ion.  For  the  lowest 
1_ 

state,  Cg  n^,  vibrational  levels  v =1,3,  and  4 are  apparently 
predissociated  [Dr-69];  the  other  vibrational  levels  of  importance 
(essentially  only  v = 0,  2)  will  be  regarded  as  not  predissociating. 
The  products  of  predissociation  will  be  N("^S°)  + N(^D°)  [Dr-69]. 

For  the  next  lowest  state,  only  the  v =0  level  has  been 

observed  in  emission  [CY-72a];  the  other  levels  of  interest  in 
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connection  with  electron  excitation,  v = 1 and  2,  are  rei^arded  as 

2 2 

beins  predissociated  and  as  yielding  the  product  pair  N(  D°)  + N(  D°). 

The  states  of  c'  and  c above  n = 4 are  con- 

n u n u 

sidered  together  and  without  distinguishing  vibrational  levels.  For 
n = 7,  9,  and  12,  predissociation  is  observed  [CY-72a]  and  for  all 
higher  states  (n  > 4)  predissociation  is  probable.  Here  we  recognize 
predissociation  for  states  with  n = 7,  9,  and  11  through  24  and  take 
the  product  pair  to  be  N(^D°)  + N(^D°)  [CY-72a]. 

For  the  o„  state,  no  predissociation  is  reported  in 

o VI  ^ 

levels  V =0,  1,  2,  3,  and  4.  For  the  o.  H , only  the  v = 1 level 

^ 2 2 

is  taken  to  be  predissociated  and  with  products  N(  D°)  + N(  D°) 

[YT-7  5]. 

The  a”  Rydberg  state  is  assumed  to  predissociate 
4 0 ^2 

yielding  N(  S ) + N(  D°);  there  is  no  compelling  evidence  for  these 

assumptions;  however,  the  assumptions  have  little  impact  on  the 

calculations  since  the  excitation  cross-section  for  the  a"  state 

g 

is  relatively  small,  accounting  for  not  more  than  1%  of  the  total 
excitation  cross-section. 


In  making  estimates  of  the  fractional  predissociation 
resulting  from  excitatior^^o  a specific  excited  electronic  state  of 
nitrogen,  use  has  been  made  of  optical  oscillator  strengths  and  of 
intensities  observed  in  the  electron  impact  energy  loss  spectra. 
The  fractional  predissociation  is  the  fraction  of  the  total  number  of 
molecules,  excited  to  the  specific  electronic  state,  which  pre- 
dissociate; the  number  of  molecules  excited  to  specific  vibrational 
levels  of  the  electronic  state  is  assumed  to  be  proportional  to  the 


oscillator  strengjth  (which  is  valid  for  small  collision  vectors 

[Be-30])  or  the  intensity.  Strictly,  to  use  oscillator  strengths  and 

intensities  on  a comparable  basis,  corrections  for  excitation  energy 

and  angular  resolution  in  the  electron  loss  measurement  must  be 

made;  however,  these  corrections  are  neglected  here.  The  energy 

correction  is  small  compared  to  other  uncertainties  since  only  one 

electronic  state  is  being  considered  in  each  case  and  the  energy 

spread  of  the  relevent  vibrational  levels  is  relatively  small;  the 

angular  resolution  is  assumed  not  to  change  over  the  small  energy 

intei-vals  encountered.  The  optical  oscillator  strength  data  [Ca-72] 

and  the  electron  loss  spectra  intensities  (GS-69d]  yield  the  fractional 

predissociation  (fp)  values  shown  in  Table  12.  The  fourth  column 

of  Table  12  gives  the  selected  range  (Afp)  or  the  average  value  (f  p) 

of  the  fractional  predissociation.  The  rationale  for  the  selection  of 

an  average  value  from  the  data  for  the  b ^11  state  and  the  retention 

1 + ^ 

of  the  range  for  the  b'  state  is  given  below. 

4.2  EXCITATION  CROSS-SECTIONS 

Absolute  electron  impact  excitation  cross-sections  for  the 
predissociating  states  of  nitrogen  being  considered  have  not  been 
measured  individually.  Here,  these  curves  are  derived  by  the 
following  procedure.  Measured  values  of  relative  cross-sections 
[BT-70b]  are  adjusted  on  the  basis  of  absolute  values  for  the 
^2^^  ^J^g)  state  [Ho-69b,  Bo-72]  to  obtain  absolute  values  for  the 
total  cross-section  curve  for  excitation  to  predissociating  states. 
This  procedure  is  possible  for  energies  up  to  80  eV;  beyond  this 
energy,  the  total  cross-section  curve  is  extended  on  the  basis  of 
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Table  12.  Fractional  Predissociation  (fp)  for 
Excited  Electronic  States  of  Nitrogen 


State 

fp(CA-72) 

b 

u 

0.  65-0.  94 

b' V 

u 

0.  18-0.  94 

c 

3 u 

0.45 

c^ 

4 u 

0.08 

' W+ 
I 

3 u 

0.  05 

/ 1 V 

4 u 

1.  0 

In  ' lr+ 

c n + c I 
n u n u 

0.70 

o„ 

3 u 

0.  0 

0. 

4 u 

0.  57 

fp(GS-69d) 

Afp  or  fp 

0.74-0.91 

0.  83 

0.  12-0.  94 

0.  18-  0.  94 

0.48 

0.46 

0.  29 

0.  19 

0.  10 

0.  075 

1.0 

1.0 

- 

0.70 

- 

0.  0 

0.  57 
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theoretically  derived  shapes  of  the  cross-section  cui-ves  for 
individual  predissociating  states  and  relative  values  of  these  curve 
segments  based  on  oscillator  strength  data.  Cross-section  curves 
for  excitation  to  specific  predissociating  states  of  nitrogen  for 
energies  above  several  hundred  eV  are  then  derived  on  the  basis 
of  the  absolute,  total  cross-section  curve  values  and  the  oscillator 
strength  data.  These  cross-section  cui’ves  are  extended  to  lower 
energies  on  the  basis  of  compatible  theoretical  and  experimental 
results  for  Rydberg  states  and  of  preseiwation  of  the  ratio  of 
cross-section  values  for  valence  states  at  the  lower  energies. 

4.  2.  1 Total  Cross-section  Values 

Relative  cross-section  values  for  various  sets  of  excited 
states  of  nitrogen  have  been  obtained  by  Brinkmann  and  Trajmar 
[BT-70b].  These  measurements  cover  the  range  of  incident  electron 
energies  between  15  and  80  eV  and  the  energy  loss  range  between 
6 and  19  eV  for  scattering  angles  up  to  80°.  These  values  were 
originally  nonnalized  on  the  basis  of  absolute  measurements  of  the 

3 

cross  section  for  excitation  to  the  C 11^  state  of  nitrogen  [BS-69]. 
For  present  purposes,  a preferable  means  of  normalization  is  use  of 
the  absolute  cross-section  data  for  excitation  to  the  a state  of 

g 

nitrogen  [Ho-69b,  Bo-72].  There  are  independent  measurements  of 
the  cross  section  for  the  latter  state  in  the  range  between  20  and 
2000  eV;  these  measurements  are  in  excellent  accord;  the  cross 
sections  for  the  a fl  state  are  larger  at  higher  energies  than  those 
of  the  C state  and  the  ratio  of  the  values  for  the  states  corres- 
ponding to  the  12-17  eV  energy  loss  range  (the  predissociating  states 


of  nitrogen)  to  those  of  the  a ^fl  state  are  more  likely  to  be 
1 ^ 

accurate;  the  a n relative  cross-section  data  [BT-70b]  have  the 

o 

same  slope  (d^/ dE)  above  20  eV  as  do  the  experimental,  absolute 

cross-section  data  for  the  a^n^  state  [Ho-69b,  Bo-72].  The  rela- 

^ 1 

tive  cross-section  data  for  the  a state  [BT-70b]  have  been 
normalized  at  80  eV  to  the  least-squares  fit  of  the  absolute  data 
[Ho-69b,  Bo-72]  as  shown  on  Fig.  7.  Values  of  the  cross  section, 
as  shown  on  Fig.  7,  are  given  in  Table  14  below. 

The  absolute  total  cross-sections  for  excitation  to 
predissociating  states  is  now  determined  from  the  product  of  the 
absolute  cross-sections  for  the  a ^11  state  and  the  ratio  of  cross 
sections  for  excitation  to  the  predissociating  states  and  the  a fl 

R 

state.  Data  for  relative  cross-section  values  for  the  predissoci- 
ating states  were  taken  from  SK-75  which  contains  data  supple- 
mentary to  the  original  presentation  [BT-70b].  The  relative 
cross-sections  for  excitation  to  the  predissociating  states  are 
taken  to  be  the  sum  of  the  curves  labeled  T12.4.  T14,  0,  and  T16,  0 
in  SK-75.  The  absolute  total  cross  sections  obtained  in  this  way 
for  energies  less  than  or  equal  to  80  eV  are  listed  in  Table  14 
below. 

To  extend  the  total  cross  section  cuiwe  to  energies  above 
80  eV,  the  theoretical  cross-section  curves  for  individual  states  in 
the  high  energy  range  [CL-72,  AD-71]  are  added  and  the  re.sulting 
curve  matched  with  the  absolute  value  of  the  cross  section  at  80  eV 
determined  as  described  in  the  preceding  paragraph;  the  theoretical 
curves  are  added  by  applying  weighting  factors  to  the  cuiwe  values  at 
1000  eV  which  are  based  on  optical  oscillator  strength  and  electron 


loss  spectra  intensity  data.  Thus,  the  absolute  cross-section  for 
ener^es  above  80  eV^  is  pven  by 


o„.(i:s,E)  = n^ps,80) 


iy„(as.E) 


ab 


and 


^f(S)|3(S,E)/o(S.  1000)| 

^f(Sl 

s 


(21) 


(22) 


where  f(S)  is  the  weighting  factor  for  state  S,  o(S,E),  the  cross 

section  for  state  S at  energy  E and  the  subscripts  denote  relative 

(rel)  or  absolute  (ab)  values.  Values  of  the  ratio  iJ'lS,  E)  o(S,  1000) 

determined  from  theoretical  cuiwes  are  given  in  Table  13.  The 

theoretical  curves  were  available  [CL-72]  for  the  b b and 

c’  states  and  the  curve  shapes  for  the  c H and  o fl  were 
n u . 1 + " ^ . lv  + 

assumed  to  be  the  same  as  for  c^  thus  the  states  c^  , 

c , and  o % were  treated  together.  The  oscillator  .strengths 
n u n u 

given  in  Table  13  are  based  on  optical  measurements  lCa-72, 

LM-68a]  and  high-energy  electron  loss  spectra  [GS-69d]  The  use 
of  these  data  as  relative  measures  of  the  electron  excitation  cross- 
sections  at  energies  as  low  as  1000  eV  can  be  partially  justified  on 
the  basis  of  the  comparison  of  the  relative  intensities  in  electron  loss 
spectra  at  high  and  low  energy.  Thus  from  the  high-  (33  keV)[GS-65] 
and  low-energy  (200  eV)  [LS-66b]  electron  loss  data,  the  ratios  of 
intensities  of  comparable  peaks  (i.  e. , for  excitation  to  a specific 
vibronic  level)  are  essentially  constant  for  the  b'  b 11^.  and 

c ^Ii  states  (although  there  are  few  data  in  the  latter  case);  for  the 
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Table  13.  Relative  Values  of  Cross  Sections  for  the  b’  b , 
.1^1  1 u u 

^ ^ ^ n , and  o n States  at  Rich  Energies 

n u n u n u ^ 

and  the  Correspondin'^  Oscillator  Strengths 


A. 

Relative  Cross 

-Sections 

a 

(b  ,E) 

c7(b,E) 

a(c’,  c,  o :E) 

E(eV)  a(b,1000) 

cj(b,  1000) 

a(c',  c,  o;1000) 

1000 

1.00 

1.  00 

1.00 

1.00 

600 

1.49 

1. 48 

1.43 

1.45 

300 

2.  55 

2.46 

2.  21 

2.34 

100 

5.09 

5.22 

3.  63 

4.31 

80 

5.74 

5.  83 

3.79 

4.  69 

B.  Oscillator  Strengths 

State 

f 

State 

f 

b' 

u 

0.  24 

3 u 

0.  22 

b 

u 

0.  20 

^■4 

4 u 

0.  0057 

' Ir" 
"3  ^u 

0.  11 

C 

n u 

* 

c' 

4 u 

0.0175 

°3  \ 

0.  07  5 

c' 

n u 

♦ 

O4 

4 u 

0.  031 

* 

n^5  and 


c r + 
n u 


c have  the  f value  0.070. 

n u 
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c'  state,  the  ratios  vary  bv  about  30'^.  No  data  are  available 
""  1 

for  the  o FI  states, 
n u 

The  results  of  applying  Eqs.  (21)  and  (22)  as  described 
above  are  shown  in  Table  14. 

4.  2.  2 Cross-Section  Values  for  Specific  States 

To  obtain  cross-section  data  for  electron  excitation  to 
individual  states  for  energies  greater  than  110  eV,  the  following 
relation  was  used: 

/f(S)]a(S,E),  a(S,  1000)  |\ 

“ab'S’'"*  = f(S) j 

This  relation  is  consistent  with  Eqs.  (21)  and  (22).  The  values  of 
the  cross  sections  so  obtained  are  listed  in  Table  15. 

The  cross-section  data  for  electron  excitation  to  individual 
states  for  energies  between  110  and  23  eV  were  obtained  as  follows. 

The  cross-section  profile  for  the  state  is  known  to  low 

energies;  the  theoretical  curve  [CL-72]and  experimental  curv'e 
sliapes  [AD-71]  agree  very  well.  By  using  this  profile  and  the 
absolute  value  at  110  eV,  as  determined  with  Eq.  (23),  the  absolute 

values  of  the  cross  section  for  the  combination  of  the  c'  , 

11  " ^ 
c n , and  o n stales  were  calculated  from  the  relation 
n u n u 

o^j^(S,E)  = 0.571  o^^j(S,E)/ct^^j(S,  110)  (24) 

16  2 

where  0.  571  is  the  absolute  crdss-section  in  units  of  10  cm  for 
excitation  to  the  above  combination  of  states  as  determined  from  Eq.  (23) 
and  the  ratio  of  cross  sections  in  Eq.  (24)  was  found  from  the  c'  state 
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Table  14. 


Absolute  Cross-Sections  for  the  a ^11 
and  Pi'edissociatin^  States.  ^ 


Energy  (eV) 

?(a  )* 

S 

c(pre)* 

11 

0.  077 

- 

14 

0.  292 

0.  0147 

18 

0.  321 

0.  093 

23 

0.  293 

0.32 

29 

0.  231 

0.  508 

36 

0.  190 

0.  78 

45 

0.  156 

1.09 

57 

0.  126 

1.  28 

72 

0.  102 

1.43 

90 

0.083 

1.34 

Energy  (eV) 

a(a  ) 

R 

c (pre) 

110 

0.  070 

1.  23 

140 

0.  056 

1.  10 

180 

0.  045 

0.  95 

230 

0.036 

0.  82 

290 

0.029 

0.71 

360 

0.  024 

0.  61 

4 50 

0.  020 

0.  53 

570 

0.  016 

0.45 

720 

0.013 

0.38 

900 

0.010 

0.32 

Cross-sections  in  units  of 


2 

cm  . 


Pre  represents  the  states  b'  . b ^fl  . 
. ' u u 

o n . 


c . and 
n u 


Table  15.  Absolute  Cross-Sections  for  the  States  c' 

Ill  . n u 

c n . o n . b'  and  b H . 

n u n u u u 


E (eV) 

a{c' , c.  o)* 

r(b'V 

r(b)+ 

14 

0.013 

0.  001 

0.  0007 

18 

0.  084 

0.  005 

0.  004 

23 

0.288 

0.017 

0.015 

29 

0.429 

0.043 

0.  036 

36 

0.  532 

0.  135 

0.  113 

45 

0.  592 

0.271 

0.  227 

57 

0.618 

0.361 

0.301 

72 

0.618 

0.442 

0.370 

90 

0.601 

0.  403 

0.336 

no 

0.571 

0.359 

0.300 

140 

0.526 

0.313 

0.261 

180 

0.468 

0.264 

0.218 

230 

0.412 

0.220 

0.  180 

290 

0.361 

0.  190 

0.  159 

360 

0.321 

0.  163 

0.  136 

450 

0.278 

0.  137 

0.  115 

570 

0.239 

0.  115 

0.  096 

720 

0.205 

0.  095 

0.  080 

900 

0.  174 

0.079 

0.067 

* -16  -2 
Cross-sections  are  in  units  of  10  cm  ; c'.  c,  o represents 

the  combination  of  c'  . c , and  o ^11  states. 

n u n u n u 

^ h'  represents  b' 

^ b represents  b 
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profile.  Absolute  cross-sections  for  excitation  to  the  b L and 

1 ^ 
b n states  were  found  by  difference,  i.  e. , 
u 

E)  - " a(b'.  E)  + o(b.  E)  (25) 

with  the  further  assumption  that 

o(b.  E)/o(b'  /E)  = r(b.  110)/-(b'  /no)  . (26) 

Below  23  eV.  the  relative  values  of  all  cross  sections  were  kept 
constant.  The  entire  set  of  cross-section  values  is  presented  in 
Table  15.  The  data  of  Table  15  are  relevant  to  the  choice  of 
fractional  predissociations  presented  in  Table  12.  For  the  b fl^ 
state,  the  maximum  branching  ratio  is  0.31.  Thus  the  uncertainty 
in  this  case  is  0.  24  of  the  total  cross-section  and  repeat  calculations 
were  performed  to  avoid  introducing  this  uncertainty. 

4.  3 CONSISTENCY  AND  COMPARISON  OF  RESULTS 

A comparison  of  the  predicted  value  of  electron  volts  per 
ion  pair  based  on  the  cross-section  values  established  in  Section  4.  2 
with  the  observed  value  for  N2  is  a reasonable  test  of  the  validity  of 
these  cross  sections.  The  cross  sections  for  excitation  to  the  pre- 
dissociating states  of  N2  account  for  at  least  60Vo  of  the  total  cross- 
section  for  excitation  of  N2  above  30  eV,  80^  above  45  eV,  and  85^ 
above  140  eV  according  to  the  accounting  employed  in  this  report. 

The  predicted  value  of  the  electron  volts  per  ion  pair  for 
N2  is  35.  87  at  900  eV  and  becomes  35.  36  eV  at  20,  000  eV.  The 
extension  of  the  calculation  from  900  to  20,  000  eV  reduces  the 
electron  volts  per  ion  pair  by  an  amount  which  is  insensitive  to  the 
absolute  cross-section  values  as  compared  between  the  present 
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calculations  and  others  [TA-74a;  SK-75],  The  measured  v'alue  of 
electron  volts  per  ion  pair  at  20,  000  eV  is  determined  [IG-67]  to 
be  34.  8 + 0.  2 (a  previous  assessment  [Wh-63b]  yields  34.  6 + 0.  3). 
Thus  the  predicted  value  is  about  0.  6 eV  larger  than  the  observed 
value.  This,  however,  is  not  a significant  difference  as  it  corres- 
ponds only  to  a 9%  error  in  the  total  cross-sections  and  this  is  less 
than  any  experimental  error  in  measuring  cross-sections.  Therefore, 

the  set  of  cross-sections  for  electron  excitation  to  the  b ^11  , b' 
111  1 u u 

c n , c'  L . o n , and  a"  states  of  N„  is  consistent  with 
nununu  g 2 

observations  on  electron-N2  interactions  as  measured  by  the  value  of 
the  electron  volts  per  ion  pair. 

An  alternate  set  of  cross  sections  [Wi-66]  is  frequently  used 
[OJ-75]  for  calculating  the  formation  of  nitrogen  atoms  as  a result 
of  predissociation  and  dissociative  ionization.  When  account  is  taken 
of  the  contribution  of  dissociative  excitation,  and  ionization  to  this 
set  and  the  total  excitation  cross-section  curve  derived  from  Winter’s 
data  based  on  the  fractional  predissociations  given  in  Table  12.  the 
calculated  value  of  electron  volts  per  ion  pair  in  N2  becomes  40.  78  at 
900  eV  and  40.  26  at  20,  000  eV.  These  values  are  substantially 
larger  than  the  observed  best  value  of  34,8  and  indicate  that  the 
cross  sections  derived  from  Winter's  experiments  [Wi-66]  are  too 
large.  Note  should  be  taken  that  the  experimental  technique  used 
[Wi-66]  is  subject  to  large  errors  and  that  the  experimental  results 
have  not  been  checked  by  other  investigators. 
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APPENDIX  A 

GUIDE  TO  DATA  AVAILABLE  ON  MICROFICHE 

A.  1 The  following  is  a guide  to  the  detailed  results  of  the  calcula- 
tions in  this  report.  These  results  have  been  recorded  on  microfiche 
and  are  available  from  the  autliors  in  this  form.  * The  calculations  have 
been  made  witli  two  codes:  ISRADU  which  was  used  for  the  UV  photon 
deposition  described  in  Section  2 above  and  ISRAD  which  was  used  for 
the  electron  deposition  described  in  Section  3 above.  The  guide  to 
the  latter  code  results  has  already  been  given  [MS- 75]  and  only 
corrections  in  this  case  are  given  below. 

A.  2 The  identification  of  the  calculations  with  the  numbers  on  the 
upper  right  hand  and  left  hand  corners  of  the  microfiche  is  given  in 
Table  A1  for  the  ISIiADU  code  and  in  Table  A2  for  the  ISRAD  code. 

For  each  microfiche  number  (M.N.)  appearing  in  the  upper  left  hand 
corner,  there  corresponds  a series  of  numbers  (SERIES)  appearing  in 
the  upper  right  hand  corner.  In  the  case  of  the  ISRADU  code  calcula- 
tions, the  information  in  Table  Ala  identifies  the  results  that  appear 
on  each  microfiche;  the  variation  from  one  microfiche  to  another  is 
the  result  only  of  the  cliange  in  the  photon  group  - this  change  is 
identified  in  Table  Alb.  Corrections  to  the  microfiche  listed  in  Table 
Alb  are  given  in  M.  N.  676  and  are  described  in  paragraph  32  of 
Section  A.  3 below.  In  the  case  of  the  ISRAD  code  calculations,  the 
microfiche  numbers  and  series  numbers  apply  in  the  order  indicated 
in  Table  A2;  corrections  to  these  microfiche  are  given  in  M.  N.  633 
and  are  described  in  paragraph  32  of  Section  A.  3 below. 

* The  216  microfiche  have  not  been  distributed  with  this  report  owing 
to  their  large  bulk. 
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Table  A-1.  Identification  of  Microfiche  Data  for  ISRADU  Calculations 


[Oj,  cm 


2.0  (10) 


A- la.  Common  Information  on  Each  Microfiche 


0,  eV  ALT,  km  Series 


3.  23ai) 


2.98(10)  3.78(10) 


1.91(9)  4.35(8) 


2.  5 (13) 
1.0  (10) 
1.0  .10) 


1.0  (8) 
5.  21(15) 
1.0  (10) 


001  1.0(1) 
001,002  1.  0(8) 
002  1.0(10) 
0u2. 003  1. 0(12) 
003,  004  1. 0(5) 

004  1.0(7) 
004,005  1.0(9) 

005  2.0(5) 

006  2.0(7) 

006.007  2.0(9) 

007  6.3(5) 

007.008  6.  3(7) 

008.009  6.  3(9) 

009  2.6(5) 

009.010  1.0(5) 

010.011  1.0(5) 


A- lb.  Microfiche  Numbers  for  Photon  Enerpes 


Table  A-"?.  Identification  of  Microfiche  Data  for  ISRAD  Calculations 


ETHRM  = backfjround  electron  density,  cm 
ENGGRP  = eners^v  of  photon  group,  eV 


The  microfiche  for  the  ISRADU  runs  contain  the  following 
data: 


The  first  data  of  interest  are  the  five  columns  headed  by  symbols 
N.  U(N).  DEL  U(N).  W(N),  and  empty  heading.  The  N is  the 
index  for  the  energy  bin  and  is  equal  to  j + 1 (see  Table  1 of  MS-75); 
U(N).  DEL  U(N),  and  WCN)  correspond  to  U.  andW.^^ 

of  Table  1 (of  MS- 75).  The  column  with  no  symbol  heading  is  the 
electron  speed,  in  cm  sec 

The  section  of  print  beginning  TERMS  IN  E(U)  EQU. , 
PHOTOABSORPTION  can  be  neglected.  This  is  only  used  with  a 
solar  source  for  photons. 

The  next  section  of  print,  beginning  TERMS  IN  E(U)  EQU. , 

EXCIT.  /DISSOC.  NUMBER,  gives  values  of  the  quantity 
[ek]  Vk  *^xd  I found  in  Equation  (2).  The  order 

of  presentation  is:  the  first  column  gives  W^.  the  second  entry  k. 
the  third  entry  S.  the  fourth  entry  the  above  product.  If  electrons 
from  more  than  one  energy  group  k excite  or  dissociate  S. 
additional  sets  of  three  entries  - k.  S,  product  - are  printed. 
Following  the  four  slashes,  the  sum  S [Ok]  Vk 

is  given.  The  numbers  1.  13.  and  14,  representing  S.  correspond 
to  ground  electronic  states  of  O.  N2.  and  O2.  respectively. 

The  section  beginning  TERMS  IN  E(U)  EQU. , EXCIT.  /DISSOC. 

(U  = U PRIME)  gives  values  of  the  quantity  Vjb^^(j,  j.  S)o^^(j.  S)[S] 
found  in  Equation  (3)  but  is  otherwise  similar  to  the  previous  section. 
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5.  The  section  beginning  TERMS  IN  E(U)  EQU. , IONIZATION  NUM. 

gives  values  of  the  quantity  [e.  ]v,  c.  (k,  S)b.(k.  j.  S)[S]  found  in 

K K 1 1 

Equation  (2)  but  is  otherwise  identical  to  the  section  discussed  in 
paragraph  3. 

6.  The  section  beginning  TERMS  IN  E(U)  EQU.,  IONIZATION  (U  = 

U PRIME)  gives  the  \’alues  of  the  quantity  v^  b.(j,  j,  S)  c.(j,  S)[S] 
found  in  Equation  (3);  otherwise  paragraph  3 applies  here. 

7.  The  section  beginning  TERMS  IN  E(U)  EQU. , LOSS  TO  THERMAL 

ELEC.  NUMER.  lists  values  of  k and  C.  . . |e.  J,  the  latter 

Jt  l.  ,1^-1 

being  a term  in  Equation  (2). 


The  section  beginning  TERMS  IN  E(U)  EQU.,  EXCIT. /DISSOC. 
DENOM.  gives  \'alues  of  v^  c^^(j.S)[S]  as  found  in  Equation  (3). 
The  first  column  gives  U.  with  further  entries  of  S and 
Vj  S)  [S]. 

The  section  beginning  TERMS  IN  E(U)  EQU.,  IONIZATION 
DENOM.  gives  values  of  v^  c.  (j.  S)  fSj  but  is  otherwise  similar  to 
the  previous  section. 


10.  The  section  beginning  TERMS  IN  E(U)  EQU. , LOSS  TO  THERMAL 

ELEC.  DENOM.  lists  values  of  k and  C.  . see  Equation  (3). 

J.J-1 

11.  The  next  section  gives  a summary  of  the  preceding  sections.  The 

headings  and  their  reference  are:  ENERGY,  the  values  of  U^;  S. 
the  targets  as  listed;  PA,  not  applicable  here;  XD  and  I,  individual 
entries  are  ^ e^^  Vj^  a^(k,  S)b^  (k.  j.  S)[Sj  for  a = xd,  i and  sums  are 
given  below  the  dotted  lines;  TH  gives  C^^j  SIG+.  the  sum 

of  XD,  I,  and  TH;  XD  and  I (the  headings  on  the  right-hand  side 
of  the  table),  individual  entries  are  (k.  S)b  (k,  j,S)[S]  for 

k K Of  0( 
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a = xd.  i and  sums  are  given  as  before;  TH  (heading  on  right-hand 
side  of  the  page)  gives  C.  . ^ and  SIG-,  the  sum  of  XD.  I,  TH. 
The  number  above  SIG-  which  is  preceded  by  ( is  [e.]  which  is 
calculated  from  the  ratio  SIG  + /SIG-. 


12.  The  section  beginning  EXCIT.  /DISSOC.  TERMS  IN  EQUATION 
6A  gives  the  quantities  b-j  v.  c^(j,  S)  for  a = xd  as  found  in 
Equation  (4)  of  the  text.  The  first  entry  Ls  N(=j-tl),  second  entry 
is  S,  the  third  entry  is  an  index  redundant  for  reading  the 
microfiche,  and  the  fourth  entry  is  the  quantity  given  above. 


13.  The  section  beginning  IONIZATION  TERMS  IN  EQUATION  6A 
is  identical  to  the  previous  section  except  that  a = i. 


14.  The  section  beginning  EXCIT.  'DISSOC.  TERMS  IN  EQUATION  6B 

gives  the  quantity  [e^.J  v^.  (j,  S)b^  (j.  S.  S')[Sj  for  a = xd  which  is 

found  in  Equation  (5).  The  first  four  entires  are  N.  S.  S',  and 

the  previous  quantity.  When  S = 1.  S'  = 1.  2.  3.  or  4.  and  these 

11  3 

numbers  represent  the  products  0(  D).  0(  S).  0(3s  S°).  and 
0(3p^P).  respectively;  when  S = 13.  S'  = 1.  2.  3.  4.  5.  6.  7.  8. 
and  these  numbers  represent  the  products 

T 

1 

)l.  N„1C  L . C 

g-  Z -u  z-  g 


n„(a^eM.  n (B^n  ).  njw^a,).  n (c^n  ) 

z uZgZ  uz  g 
’n\)-  N2(b‘n^). 


n . 

n u 


N('^S°).  N(^D°).  N(^P°) 


from  decay  of  excited  atoms  formed  in  dissociative  excitation 


^2^^  Tp  vibrationally  excited;  when  S = 14.  S'  = 1.  2.  3.  4.  5. 


6,  7,  and  these  numbers  represent  the  products 


02(a‘A  ),  02(b‘r:),  0^(0  V„).  02(B®r'), 


0(^P).  0(3s^S°) 


0(^P).  0(3s  ^S°) 


. 0„(X  e”)  vibrationally  excited. 

Z 
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15.  The  section  bef^inning  IONIZATION  TERMS  IN  EQUATION  6B 
gives  the  quantity  [e.  ] (j,  S)  b^(j,  S,  S')[S]  for  a = i ; see 
Equation  (5).  The  listings  are  similar  to  those  of  the  previous 
section  but  when  S = 1,  S'  = 1,  2,  3,  and  these  numbers 
correspond  to  the  products  0’('^S°),  O (^D°),  O (^P°), 
respectively;  when  S = 13,  S'  = 1,  2,  3,  4,  and  these  numbers 

correspond  to  the  products  N,I(A  ),  N (B  T^),  N„(X 

^ ^ 2 u 2 u 2 g 

and  [n'(^P)  and  Nl'^S  )]  : when  S=14,  S'  = 1,  2,  3.  4,  5,  and 

_ 2 4 

these  numbers  correspond  to  the  products  0„  (X  "P,.),  0„(a  H ), 
02(A‘^n^).  o'a^V).  and  [O’l'^SO  and  0(^P)]. 

16.  The  section  beginning  PHOTOABSORPTION  TERMS  IN  EQUA- 
TION 6B  gives  the  quantity  o(i)  c(i,  S)  b(i,  S,  S')[S  j found  in 

Eq.  (5).  When  S = 1,  S'  = 1,  2,3,  and  these  numbers  corres- 
pond to  the  products  O’^f'^S  ),  0^(^D°),  O (^P  ),  respectively; 
when  S = 13,  S'  = 1,  2,  3,  4,  and  these  numbers  correspond  to 

the  products  N(‘^S°),  N(^D°),  N^(X^L^)  and  N (A^L*) 

4 g 4 u 

respectively;  when  S = 14,  S'  = 1,  2,  3,  4,  5,  and  these 

3 11 

numbers  correspond  to  the  products  0(  P),  0(  D),  0(  S), 

0_(X  ),  and  0^(a  ) respectively;  when  S = 23,  S'  = 1, 

2,  3,  4,  5,  6,  and  these  numbers  correspond  to  the  products 
0(^P),  0(^S),  N('^S°),  N(^D°),  N(^P°),  NO'fX^Z:^), 
respectively. 

17.  The  section  beginning  EXCIT.  / DISSOC.  TERMS  IN  KDOT 
EQU  . lists  the  quantity  [e.  ] v.  (j,  S)  c^(j,  S)|S]  as  found  in 
Equation  (8)  with  a = xd  and  M = K.  The  four  repeated  entries 
are  N,  S,  I,  and  the  quantity  given  here. 
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18.  The  section  beginning  IONIZATION  TERMS  IN  KDOT  EQU. 
is  the  same  as  the  previous  section  but  with  o = i. 

19.  Paragraph  17  or  18  applies  to  the  sections  beginning  EXCIT.  / 
DISSOC.  TERMS  IN  EDOT  EQU.  , IONIZATION  TERMS  IN 
EDOT  EQU.,  EXCIT.  DISSOC.  TERMS  IN  RDOT  EQU., 
IONIZATION  TERMS  IN  RDOT  EQU.,  and  EXCIT.  DISSOC. 
TERMS  IN  XVDOT  EQU.  but  with  the  set  of  values  (Of,M)  equal 
to  (xd,E),  (i,E),  (xd,R),  (i,R),  and  (xd,X^),  respectivelv. 

20.  The  next  data  are  printed  in  the  form  of  four  tables,  which  in 
view  of  the  above  guide,  the  text  and  reference  MS-7  5,  are 
readily  understood.  These  tables  list  formation  rates  for  the 
various  species  resulting  from  photoabsorption,  excitation 
and  ionization  which  are  calculated  according  to  Eq.  (5). 
Radiation  rates  and  fluorescent  efficiencies  are  also  listed; 
these  are  calculated  as  described  in  MS-75.  The  first  two 
tables  concern  oxygen  species.  The  first  table  gives  uniquely 
the  particles  formed  per  ion  pair;  the  second  table,  the 
particles  formed  per  absorbed  photon:  otherwise  the  two 
tables  are  identical.  The  third  and  fourth  tables  concern 
nitrogen  species  and  are  distinguished  as  the  first  two  tables 
are.  The  calculation  of  the  radiation  rates  and  florescent 
efficiencies  are  described  in  MS-7  5. 

21.  The  next  two  tables  are  reductions  of  the  preceding  four  tables. 
The  reductions  are  made  by  taking  into  account  the  result  of 
radiative  transitions  and  dissociations  (including  predissocia- 
tions). The  radiative  transitions  taken  into  account  are  given 
in  Table  4 of  reference  MS-7  5 fp.  28)  and  Table  3 of  this  report 
(p.  24).  The  dissociation  or  predissociation  of  molecules 
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(of  the  preceding  four  tables)  [and  products]  are 
OJB^l-')[0(^P)  + 0{^D)|,  0„(c  hj  [0(^P)  +0(^P)1, 

c \x  4 u 

N2b^n^[0.83N(‘^S°)  + 0.83N(^D°)],  N2(c^V, 

[0.  125N('^S^)  4 0.  375N(^D°)],  N (b'  V)  [0.  144  N("^S°) 
0.216N(^D°)  or  0.  752  N("^S°)  + 1.  128N(‘^S°)j,  N^la" 


o ) 
n u 


[N(“^S°)  + N„(^D°)].  For  the  alternate  product  sets  in  the 

u 

case  of  predissociation  of  N (b'  ^1^),  there  are  two  sets  of 
data  given  in  these  two  tables.  The  corresponding  energy 
transformation  for  all  processes  in  the  reduction  are  taken 
into  account.  Each  table  contains  the  formation  rates  for  both 
oxygen  and  nitrogen  species  and  the  two  tables  differ  by  the 
inclusion  of  the  quantity  particles  per  ion  pair  formed  in  one 
and  particles  per  absorbed  photon  in  the  other. 


22.  The  line  of  print  beginning  VIBENG  gives  dX^  dt  for  the 
four  species  indicated. 


23.  The  next  four  lines  show  species  densities  for  gnxind  state  O, 
N„,  and  0„;  the  number  on  the  first  of  the  four  lines  is  the  O 

Cl  ^ 

density  and  the  first  and  second  numbers  of  the  second  line 
are  the  Ng  and  densities,  respectively.  The  remaining 
numbers  can  be  neglected. 

2 

24.  The  lines  Labeled  PH1(I,T)  give  the  photon  flux  (photons/ cm  sec) 
where  1 indicates  the  position  of  the  entrv  in  the  array  and  the 
photon  energy  corresponding  to  the  value  of  1 is  given  in 
Table  A- lb. 
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The  line  beginning  BIGl  is  not  of  interest  in  relation  to  the 
present  calculations. 

On  the  next  line,  beginning  with  THETA,  the  relevant  items  are 
THETA,  the  electron  temperature,  TEMP,  the  neutral  particle 
temperature,  THVIB,  the  vibrational  temperature  and  YPOS, 
the  altitude. 

The  next  two  lines  contain  in  order,  ETHRM,  the  .-lectron 

density  of  electrons  in  the  thermal  group,  SMEU,  the 

electron  density  of  electrons  in  the  high  energy  groups,  ?[e.]; 

SMUEU,  the  energy  of  the  high-energv  electrons,  E U.[e.]; 

i 5 ' 

DETHDT,  the  rate  of  formation  of  thermal  electrons, 

d[etj^j  dt;  SEUETH,  the  ratio  of  the  densities  of  high-energy 

to  thermal  electrons,  I [e.]  |e,,  ]:  DOTUTA,  the  sum  of  the 

j ,1  t n 

energy  densities  in  the  seven  energy  modes;  SUMON5,  the 
number  of  absorbed  photons  given  by  the  denominator  of  Eq.  (13) 

In  the  next  two  lines,  beginning  with  NGRP,  the  number  of  the 

photon  group  in  which  the  photon  belongs,  the  following  quantities 

are  listed;  DELDT,  the  denominator  of  Equation  (10);  EVPIP, 

the  electron  volts  per  ion  pair,  E.^  of  Equation  (11),  ENGGRP, 

the  energy  of  the  photon;  SUMEDT,  the  sum  of  the  iT,tes  of 

change  of  energy  density  in  the  seven  energy  modes; 

TERMON,  the  quantity  Z)[e  ]v.  Tj,  0„)fO„];  SOKDOT, 

i ] J ^ ^ ^ 

SODDOT,  and  SOIDOT,  are  not  applicable  to  the  present 
calculations. 

The  next  two  lines  list,  in  order,  the  rates  of  change  of  energy 
density  and  the  fractional  contributions  of  the  seven  energy 


30. 


31. 


32. 


modes,  K,  E,  R,  X^,  I,  D,  (see  Section  2.1.2)  corres- 


ponding to  the  tables  of  paragraph  20. 


The  next  four  lines  are  the  same  as  the  corresponding  four 
previous  lines  but  apply  to  the  tables  of  reduced  data  (see 
paragraph  21  above). 


The  seven  columns  with  the  headings  N,  U(N),  E(TH)/DEL  U, 

(E(TIl)  -f  E(N))  DEL  U.  F(N)  PRIME,  H(N)  PRIME  and  E(N) 

represent:  the  energy-group  index,  j + l (see  Table  1 of  MS-75); 

the  energ-y  group,  U.  the  differential  thermal  electron 
‘ J + l 

density  contribution  to  each  energy  group:  the  differential 
total  electron  density  contribution  to  each  energ-v  group, 

[Cto^ajl  ^he  total  electron  flux,  (see  Equation  (20)); 

the  photoelectron  flux;  the  electron  density.  |e.  j^]. 

Because  of  a round-off  error  in  calculating  the  thennal  electron 
density,  some  of  the  columns  headed  E(TH)  DEL  U. 

(E(TH)  i E(N))  ' DEL  U and  F(N)  PRIME  mav  be  in  error.  To 
correct  these  data  by  repeating  the  calculations  is  too  expen- 
sive; rather,  only  the  calculations  for  the  theimal  electron 
density  and  fluxes  were  repeated.  These  corrections  are  on 
microfische  no.  (M.  N.  ) 676  with  the  following  format:  the 


first  two  lines  contain  O,  N2,  O^,  THETA,  ETHRM,  ALT 


where  O,  N2,  and  ©2  are  followed  bv  the  respective  densities, 
THETA  by  the  electron  temperature.  ElURAI  by  the  electron 
density,  ALT  by  the  altitudes  for  the  calculations  to  which  the 
corrections  apply.  The  latter  are  identified  in  the  third  line 
and  referenced  table.  Following  these  quantities,  a table  with 
the  headings  N,  UfN),  E(TH)  DEL  and  K(N)  PRIME  appears. 
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The  first  three  quantities  are  defined  in  paragraph  31  above  and 
K(N)  PRIME  is  the  thermal  electron  flux.  The  corrected  value 
of  the  total  electron  flux  is  obtained  from  the  relation 
F(N)  PRIME  = K(N)  PRIME  + H(N)  PRIME,  the  latter  quantitv 
being  obtained  as  indicated  in  paragraph  31. 

33.  The  final  group  of  data  labeled  U(J),  S,  S(SIGMA),  and  repeats, 

gives  the  energy  group  (see  Table  1 of  MS-75),  the  target,  and 

the  loss  function  (Equation  26  of  MS-75).  The  last  column, 

column  10,  gives  values  of  [e.jv.a  (j,0„)lO_l 

J J A.  2 2 

A.  4 The  guide  to  the  microfiche  for  ISRAD  calculations  has 

been  previously  presented  (MS-7  5);  here,  only  the  changes 
are  given  for  the  items  of  MS-75. 

14.  The  quantity  [e^]v^  a^(j,  S)[S]  is  incorrect;  the  correct  quantity 
is  [6j]v.  a^(j,S). 

16.  Replace  N„(c  ^E^)  by  N„(c'  c , o ). 

2 u'  2'  n u’  n u n u 

28.  Replace  EUPIP  by  EVPIP;  replace  TERMUM  bv  TERMOM. 

31.  The  corrections  discussed  in  paragraph  32  of  Section  A.  3 apply 
here  with  the  following  changes;  the  corrections  are  on  micro- 
fiche no.  (M.  N. ) 633;  the  calculations  to  which  the  corrections 
apply  are  identified  on  the  third  line. 
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